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ABSTRACT 
 Synthetic polymers intended for use in biomedical applications require the 
additional criteria of biocompatibility and sometimes biodegradability included within 
the design parameters along with mechanical properties, manufacturability, and other 
properties depending on the specific application in mind. The composition of the 
monomer and the type of linker within the main chain polymer as well as the chemical 
reactivity of these chemical entities will define the degradation rates and the conditions 
under which degradation will or will not occur. However, biocompatibility is usually a 
built-in characteristic related to the polymer (and monomer) composition and is not easily 
engineered into an existing polymer by conversion from a non-biocompatible to a 
biocompatible polymer. Consequently, a majority of the biocompatible polymers used in 
medical devices or evaluated for biomedical uses are composed of substances that are 
natural metabolites or known to be biocompatible and nontoxic. Using this design 
principle, a number of successful examples of biocompatible polymers have been 
reported such as poly(lactic acid), poly(glycolic acid), and their copolymers, and today, 
		 viii 
all of these polymers are used in US and EU approved devices. For similar reasons, 
glycerol-based polymers are attracting increasingly more attention for both fundamental 
studies and practical applications. Various glycerol polymer architectures from linear to 
dendritic have been reported for pure polyglycerol ethers and carbonates as well as 
copolymers with hydroxyacids, for example, to give polyether esters or polycarbonate 
esters. Herein, the design and synthesis of glycerol-based polycarbonates via 
copolymerization of epoxide and carbon dioxide is described. The underlying chemistry 
that affords these glycerol-based polycarbonates will be discussed. Their structural 
characteristics, their chemical, physical, and rheological properties, and as well as their 
applications with a focus on drug carrier will also be covered.  
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CHAPTER 1: Biomaterials from Metabolically-derived Synthons – Recent 
Advances in Glycerol-based Polymers: Chemistry and Biomedical Applications 
1.1 Chapter Forward 
Inspired by biocompatible and degradable polymers such as poly(lactic acid) 
(PLA), poly(lactic-co-glycolic acid) (PLGA), and poly(hydroxyalknoate) (PHA), 
glycerol-based polymers have also been investigated as novel biomaterials. As compared 
to hydroxy acid such as lactic acid, being such a small molecule, glycerol possesses three 
hydroxyl groups on each carbon. Such a high density of functionality allows for a variety 
of chemical transformations such as selective oxidation, dehydration and hydrogenolysis, 
and selective protection and esterification to afford an array of value-added small 
molecule building blocks with increased chemical complexity for both small molecule 
chemical synthesis or polymer synthesis. 
This chapter originated from extensive background research conducted for our 
glycerol-based polymers and their applications and is intended to briefly summarize the 
advances in the glycerol polymer field, stimulate critical discussions, and pique scientific 
(and clinical) interest. In particular, our work focuses on the underlying chemistry, 
including monomer selection and synthesis, polymer structure and architecture design, 
polymerization methods, that lead to glycerol-based polymers with varied structures, 
architectures, and compositions. Significant emphasis will be laid on the biomedical 
application of these glycerol-based polymers, especially those with clinical significance.  
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1.2 Introduction 	 During the past four decades, significant advances in polymer chemistry have 
been reported including, but not limited to, various controlled polymerization methods 
(atom transfer radical polymerization (ATRP), reversible addition-fragmentation 
polymerization (RAFT), ring-opening metathesis polymerization (ROMP), for 
example),1-5 polymers of various architectures (linear, branched, hyperbranched, 
dendritic, and others),6-9 and self-assembly strategies to prepare supramolecular polymers 
(hydrogen bonding, metal ligand bonding, ionic interactions).7, 10-12 These advances have 
provided new routes to polymer structures, compositions, and architectures; and 
consequently new chemical, physical, and mechanical properties or properties with finer 
control than could be attained before. The role of polymers in commercial products 
continues to increase with hundreds of millions of metric tons of material being produced 
each year, with polyethylene being the largest, accounting for 37% of global polymer 
production.13 
 Synthetic polymers intended for use in biomedical applications require the 
additional criteria of biocompatibility and sometimes biodegradability included within 
the design parameters along with mechanical properties, manufacturability, and other 
features essential for the specific application in mind. The composition of the monomer 
and the type of linker within the main chain polymer as well as the chemical reactivity of 
these chemical entities will define the degradation rates and the conditions under which 
degradation will or will not occur. For some applications, the degradation rate of the 
polymer is minimized, as with polymers used in long term implants (e.g., 20+ years for a 
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high density polyethylene coated hip implant),14 while for other applications the polymer 
degrades relatively rapidly (e.g., less than 10 days for a polyanhydride composed of 1,3-
bis-(p-carboxyphenoxy)propane and sebacic acid loaded with carmustine for the 
treatment of brain cancer).15 However, biocompatibility is usually a built-in characteristic 
and related to the polymer (and monomer) composition and is not easily engineered into 
an existing polymer by conversion from being non-biocompatible to biocompatible.16 
Consequently, a majority of the biocompatible polymers used in medical devices or 
evaluated for biomedical uses are composed of substances that are natural metabolites or 
known to be biocompatible and nontoxic. Using this design principle, a number of 
successful examples of biocompatible polymers have been reported such as poly(lactic 
acid), poly(glycolic acid), and their copolymers, and today, all of these polymers are used 
in US and EU approved devices. 
 Another example of a well-known natural metabolite is glycerol or glycerin / 
glycerine (IUPAC name, propane-1,2,3-triol). Karl W. Scheele discovered glycerol in 
1779 when he mixed and heated olive oil with lead monoxide.17 He referred to the 
product as the "sweet principle of fat." It took more than 100 years before the chemical 
formula C3H5(OH)3 was established by Berthelot and Lucea in 1883.17 Glycerol serves 
many roles in the human body, including as the backbone unit of triglycerides and 
phospholipids, which are the main form of energy storage and a major component of cell 
membranes, respectively. Glycerol has an oral LD50 of 12600 mg/kg in rats, and is 
generally considered to be nontoxic. It is listed on the GRAS list (FDA website) as 
"generally regarded as safe". Glycerol is also widely used in the pharmaceutical and 
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cosmetic industries as an additive (e.g., plasticizer, thickener, emollient, demulcent, 
humectant, bodying agent, lubricant) due to its physical properties.  
 Historically, glycerol was typically synthesized from propylene via a four-step 
procedure, which involved first chlorination of propylene to give allyl chloride, oxidation 
with hypochlorite to afford dichlorohydrin, reaction with a strong base to give 
epichlorohydrin, and finally, hydrolysis to yield glycerol. Today, glycerol is becoming a 
renewable raw material of ample supply due to the increases in biodiesel production, in 
which process glycerol is produced as a side product.18-19 For example, the global 
glycerol production soared from 60,000 tons in 2001 to 800,000 tons in 2005 with 
400,000 tons from biodiesel production alone.20 This large production of glycerol is 
fueling the production of downstream value-added products and stimulating research and 
development activities.18-19, 21 
 Glycerol is a high boiling, viscous liquid that is colorless, odorless, hydroscopic, 
and sweet to the taste. The physiochemical properties of glycerol are summarized in 
Table 1.1. From a synthetic perspective, glycerol possesses a wealth of chemical 
Table 1.1 Physical-chemical Properties of Glycerol 
Molecular Weight 92.09 Specific Gravity 1.2620 (25 °C) 
Specific Heat 0.5795 cal/g⋅deg (26 
°C)  
Refractive Index (N420)1.47399 
Vapor Pressure 0.0025 mm (50 °C) Fire Point 204 °C 
Boiling Point 290 °C (760 mm), 
152.0 °C (5 mm) 
Flash Point 177 °C 
Melting Point 18.17 °C Viscosity 1.499 Pa⋅s (20 °C) 
Freezing Point (66.7% glycerol 
solution) -46.5 °C 
Surface Tension 63.4 dynes/cm (20 
°C) 
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diversity and opportunities for selective chemical reactivity and manipulation for being 
such a small molecule (C3H8O3; 92.09 g/mol).22-25 As shown in Figure 1.1, glycerol is a 
simple polyol containing two primary and one secondary hydroxyl groups with a 
prostereogenic center at the C2 position. Consequently, glycerol can undergo a large 
number and variety of chemical transformations such as selective oxidation,26-28 
dehydration and hydrogenolysis,29-31 and selective protection and esterification32-33 to 
afford an array of value-added small molecule building blocks with increased chemical 
and stereochemical complexity for both small molecule chemical synthesis or polymer 
synthesis (Figure 1.1).34 
For all of these reasons, glycerol-based polymers are attracting increasing 
attention for both fundamental studies and practical applications. Various glycerol 
 
Figure 1.1 Chemoselective conversion of glycerol into value-added compounds via 
different catalytic pathways. 
		 6 
polymer architectures from linear to dendritic have been reported for pure polyglycerol 
ethers35-36 and carbonates37-40 as well as copolymers with hydroxyacids,37, 41 for example, 
to give polyether esters or polycarbonate esters. This chapter provides a brief 
chronological review on the current status of polymers synthesized from glycerol and 
glycerol derivatives as well as their applications. Specifically, the underlying chemistry 
that affords these various glycerol polymers, their structural characteristics, their 
chemical, physical, and rheological properties is described, along with their applications 
with a focus on biomedical uses. 
1.3 Polymer Chemistry 
1.3.1 Linear 1,2-Linked Glycerol Polymers 
Linear 1,2-linked glycerol polymers represent an important structural class of 
glycerol polymers. This class of glycerol polymers mainly includes poly(1,2-glycerol 
ether)s. 
 Linear poly(1,2-glycerol ether)s are also referred to as polyglycerols or 
polyglycidols and constitute the largest structural class of glycerol polymers. Because of 
the low price of glycidol (~0.3 $/gram), the easy access to the glycidyl ether monomers 
(usually only require one step protection), and the controlled living polymerization 
process which leads to well-defined polymer structures, both the chemistry and 
application of poly(1,2-glycerol ether)s have been extensively studied and reported over 
the past 40 years. For example, a Web of Science search on this topic gives more than 
150 references. As the recent review by Frey and co-workers42 provides an excellent 
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comprehensive summary of this specific area, a few representative examples of the 
polymers synthesized and the polymer chain end and backbone functionalization 
chemistry reported will be presented here. 
 Linear poly(1,2-glycerol ether)s are most frequently accessed by anionic ring-
opening polymerization (AROP) of glycidyl ethers such as trimethyl glycidyl ether 
(TMSGE), allyl glycidyl ether (AGE), tert-butyl glycidyl ether (tBGE), and ethoxyethyl 
glycidyl ether (EECE) with an anionic initiator. Although first attempted in 1968, 
poly(1,2-glycerol 
ether)s with a 
relatively high 
molecular weight (Mw 
~ 30 kg/mol) were not 
reported until 1994 
when EECE, as the 
monomer, was polymerized with cesium hydroxide as the initiator (Figure 1.2).43 Since 
then, a variety of monomers and initiators44-47 have been described for preparing diverse 
linear poly(1,2-glycerol ether)s with defined structures and narrow polydispersity index 
(PDI) (defined as weight-averaged molecular weight (Mw) / number-averaged molecular 
weight (Mn) <1.20). In addition, due to the living nature of the AROP of glycidyl ethers, 
direct termination of the living polymer chain with an electrophile allows preparation of a 
well-defined polymer chain with one desired chain end. For example, in situ termination 
of a living polymer chain with p-chloromethylstyrene affords a macroinitiator bearing 
 
Figure 1.2 Cesium hydroxide initiated polymerization of 
ethoxyethyl glycidyl ether to afford high molecular weight 
poly(1,2-glycerol ether). 
		 8 
only one styrene on one chain end. The resultant polymer can be subsequently 
copolymerized with styrene to give a copolymer.44, 48 After an acidic deprotection, a 
“surfmer” (surfactant and monomer) is obtained, which effectively serves as both 
emulsifier and monomer in the emulsion copolymerization of styrene. Slomkowski and 
co-workers investigated these surfmers and their use to prepare microspheres,49-54 and the 
results are comprehensively summarized in a review.55 
 Besides p-chloromethylstyrene, various other end caps have been utilized 
including vinyl sulfonyl chloride,56 propargyl chloride,57 2-halogenopropionyl halides58 
and others, to afford poly(1,2-glycerol ether)s with exact one chain end functionality for 
coupling with nucleophiles, click reactions with azides, and as initiators for ATRP. 
Polymers bearing exactly one terminal methacrylate can also be accessed by this end 
capping method and serve as valuable macromonomers in ATRP with other 
(macro)monomers. The research groups of both Frey46 and Haag47 reported significant 
findings on this topic (Figure 1.3). Frey and co-workers’s work features the direct 
termination of the living polymer chain with methacrylic anhydride and triethylamine. A 
 
Figure 1.3 Different approaches utilized by Frey (A) and Haag (B) to access 
methacrylate end-capped poly(1,2-glycerol ether)s. 	
		 9 
well-defined poly(methacrylate-graft-1,2-glycerol ether) was obtained after polymerizing 
using standard ATRP condition. In contrast, Haag and co-workers used a two-step 
protocol in which the polymers were first purified and then reacted with methacryloyl 
chloride to afford poly(1,2-glycerol ether)s with methacrylate chain ends. Both 
oligomeric linear or dendritic macromonomers with methacrylate chain ends were 
prepared, and subsequent polymerization of these oligomeric poly(1,2-glycerol ether)s 
afforded a series of polymer brushes with either linear or dendritic oligomeric poly(1,2-
glycerol ether)s grafted as the side chain, respectively. These polymer brushes could be 
used for a number of applications including anchoring them onto a gold surface to form a 
brush polymer layer to reduce protein adsorption as measured by surface plasma 
resonance spectroscopy.47 
 In contrast to the end cap approach, the initiator approach also allows for the 
introduction of a specific chain end by initiating the polymerization with a functional 
initiator. Both protected amine59-60 and thiol59 initiators were successfully described and 
give poly(1,2-glycerol ether)s with well-defined chain ends. After polymerization, the 
protecting groups were removed and the exposed amine or thiol groups were 
subsequently used for anchoring proteins onto a gold surface. Besides these conventional 
end groups, other functional initiators bearing catechol,61 cholesterol,62-63 and 
adamantyl64 groups were also reported. For example, catechol-terminated poly(1,2-
glycerol ether)s binded to manganese oxide nanoparticles and imparted greater water 
solubility and stability.61 
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 Due to the living nature of the AROP of glycidyl ethers, diblock or triblock block 
copolymers with AB, ABC, or ABA structures can be readily accessed by sequential 
addition of different monomers or bi-directional growth from a central block.65-67 
Furthermore, a variety of modifications such as hydrophobic / hydrophilic 
functionalization, grafting-from and hypergrafting using poly(1,2-glycerol ether)s as 
macroinitiators afford functionalized linear poly(1,2-glycerol ether)s. These topics are 
discussed at full length by Frey and co-workers,68 and the reader is referred to this review 
for additional details.  
1.3.2 Linear 1,3-Linked Glycerol Polymers  
Linear 1,3-linked glycerol polymers feature a 1,3-linkage with a protected or free 
secondary hydroxyl group on the polymer backbone. Due to the significant knowledge on 
the ring-opening polymerization of six-membered cyclic carbonates and the known 
higher reactivity of two primary hydroxyl groups compared to the secondary hydroxyl 
group during polycondensation, linear poly(1,3-glycerol carbonate)s and polyesters 
synthesized from the polycondensation of glycerol with diacid, e.g., adipic acid, are the 
two main structural classes of 1,3-linked glycerol polymers, which have been historically 
synthesized, respectively. 
In the early 2000’s, both the Zhuo and Grinstaff research groups described the 
syntheses of poly(1,3-glycerol carbonate)s via ring-opening polymerization reactions. 
Zhuo and co-workers published the first synthesis of poly(1,3-glycerol carbonate)s in 
2002.40 The monomer, 5-benzyloxy-trimethylene carbonate (5-BTC), was synthesized 
from glycerol in four steps and can be polymerized using either Sn(Oct)2 or Al(Oi-Pr)3 as 
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the catalyst. The 
resultant polymers 
exhibited molecular 
weights ranging from 
8k to 24k g/mol with 
PDIs ranging from 1.49 
to 1.96 (Figure 1.4). As compared to the known and structurally analogous 
biocompatible poly(trimethylene carbonate) (PTMC), the differential scanning 
calorimetry (DSC) results showed poly(benzyl 1,3-glycerol carbonate)s to be soft 
rubbery materials possessing a glass transition temperature of 0 °C, which is 18 °C higher 
than PTMC. Follow-up metal-free polymerizations were also reported. For example, both 
silica gel-immobilized lipase-catalyzed and organocatalytic approaches have been 
reported to polymerize 5-BTC by Zhuo and Guillaume,69-70 respectively. These 
approaches represent elegant alternatives to the metal-catalyzed routes.  
In 2003, Grinstaff and co-workers reported the synthesis of a copolymer of 
glycerol and lactic acid,37 which expanded upon an earlier conference proceeding report 
in 2001 on the synthesis of a polycarbonate of glycerol.71 The resulting polycarbonates 
and poly(carbonate-ester)s exhibited molecular weights from 11k to 30k g/mol with PDIs 
ranging from 1.21 to 1.76. The glass transition temperatures of the poly(carbonate-ester)s 
are dependent on lactic acid content and varied from 18 °C with 25% lactic acid to 53 oC 
with 90% lactic acid content. Building off these results, Grinstaff and co-workers 
copolymerized 5-BTC with ε-caprolactone or lactide to obtain a copolymer with 
 
Figure 1.4 Ring-opening polymerization of 5-BTC using 
metal alkoxide followed by catalytic dehydrogenation to 
afford poly(1,3-glycerol carbonate)s. 
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improved thermal and 
mechanical properties.41, 72 
Moreover, after 
deprotection, the free 
secondary hydroxyl group 
was available for 
functionalization to 
introduce specific 
nucleophiles or fluorescence dyes (Figure 1.5). These hydroxyl-functionalized polymers 
can be casted into films or electospun to form meshes and used as drug delivery 
vehicles.73-77 
Another class of 1,3-linked glycerol polymers is polyesters from glycerol and a 
diacid prepared via a conventional condensation reaction. Diacids including sebacic acid 
and adipic acid (as well as other diacids with different chain lengths) can be 
copolymerized with glycerol to yield poly(glycerol-co-sebacic acid)78 and poly(glycerol-
co-adipic acid).79-80 For example, traditional synthetic biodegradable polymers 
(poly(lactic acid), polyhydroxyalkanoates, and others) are often limited by inferior 
 
Figure 1.6. Polycondensation of glycerol with sebacic acid to afford lightly cross-linked 
poly(glycerol-co-sebacic acid). 
 
Figure 1.5 Functionalization of the secondary hydroxyl 
group of poly(ε-caprolactone-co-1,3-glycerol carbonate). 
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mechanical properties. The Langer group reported a tough biodegradable and 
biocompatible elastomer synthesized by polycondensation of 1:1 molar ratio of glycerol 
and sebacic acid (Figure 1.6).78 It should be noted that a 1:1 molar ratio is critical for 
maintaining a small number of crosslinks, and a cross-linked thermoset polymer is 
obtained with a 2:3 molar ratio. This slightly cross-linked elastomeric glycerol polymer is 
biocompatible as determined by in vitro MTT assay and in vivo subcutaneous 
implantation in rats. The study also demonstrated that subcutaneous implants were 
completely absorbed after 60 days with the restoration of normal tissue architecture. 
While glycerol-diacid-based polyesters are synthesized by well-established 
thermal condensation polymerization, enzyme-catalyzed condensation polymerizations 
have also been described by Gross and co-workers. For example, using immobilized 
lipase B from Candida antarctica, copolymers of glycerol, octanediol, and adipic acid,81-
82 glycerol and oleic diacid,83 and glycerol, linoleic diacid and oleic diacid84 could be 
successfully synthesized and subsequently characterized (e.g., physical, thermal, 
structural properties). Compared to conventional thermal condensation polymerizations, 
which usually involve energy intensive processess (high heat and high vacuum) and a 
metal catalyst, lipase-catalyzed polymerization represents a mild and environmental 
benign approach that provides better control over branching while avoiding crosslinking 
reactions.84 Such crosslinking reactions are common during the polycondensation of a 
polyol (e.g., glycerol) with a diacid, as exemplified by the synthesis of a slightly 
crosslinked poly(glycerol-co-sebacic acid) by Langer and co-workers.78 
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As compared to well-known biocompatible polymers such as PLA or 
poly(glycolic acid), glycerol-based poly(1,3-carbonate)s and polyesters as well as their 
copolymers possess the additional benefits of an easily modifiable structure, nonacidic 
(or a reduced number of acidic) products upon biodegradation, biocompatibility, and 
controllable degradation rates. These properties are advantageous, and, thus, these 
polymers are being evaluated for biomedical applications such as nanoparticles for drug 
delivery79-80 and drug buttressing films for prevention of tumor recurrence after surgical 
resection.73-76 
1.3.3. Dendritic and Hyperbranched Glycerol Polymers 
Dendritic and hyperbranched glycerol polymers constitute an important class of 
glycerol polymers. Haag and co-workers reported the first synthesis of dendritic glycerol 
polymers: dendritic poly(1,2-
glycerol ether)s.36 Starting 
from a trimethylolpropane 
core, a simple and efficient 
two-step approach involving 
allylation of the hydroxyl 
group and dihydroxylation of 
the double bond afforded 
access to the globular 
dendritic poly(1,2-glycerol ether) structure (Figure 1.7). For example, a generation 3 
([G3]) dendrimer with 24 peripheral end hydroxyl groups was obtained in 75% yield 
 
Figure 1.7 First synthesis of a globular [G3] 
polyglycerol dendrimer. 
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after three cycles of allylation-dihydroxylation. It is also worth noting that column 
chromatography purification is only necessary after the allylation steps, which is 
important for large-scale synthesis. In a series of follow-up studies, Haag and co-
workers85-86 and Zimmerman and co-workers87 also used 2-amino-1,3-propane, 
triglycerol, and TBDPS-protected allyl alcohol to synthesize amine and azido-ended 
polyglycerol dendrons which can be further coupled to 4,4’-biphenyldicarboxylic acid 
core to form a dendritic triblock amphiphile or to a porphyrin core to form a polyglycerol 
dendron coated porphyrin. 
In contrast to the globular dendritic pure poly(1,2-glycerol ether) structure, 
Grinstaff and co-workers synthesized a new type of glycerol dendrimer - poly(glycerol-
co-lactic acid),88 poly(glycerol-co-
succinic acid),89 and poly(glycerol-co-
adipic acid)90 dendrimers of G0 to G4. 
In these dendrimers, the structures are 
intricately designed in such a way that 
the C2 position of glycerol serves as 
the branching point while lactic acid 
or succinic acid serve both as the core 
and the linker between the branching 
points. These key constituents in the 
dendrimers are combined in reiterative 
divergent reactions steps leading to the 
 
Figure 1.8. Synthesis of a poly(glycerol-co-
lactic acid) dendrimer. 
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dendritic structures in good to high yields (Figure 1.8). A convergent route to 
poly(glycerol-co-succinic acid) dendrons was also described that utilized two orthogonal 
protecting groups; namely, the benzylidene acetal for the protection of the 1,3-diols of 
glycerol and the tert-butyldiphenyl (TBDPS) for protection of the carboxylic acid of 
succinic acid.91 This methodology can be extended to the synthesis of dumb-bell 
dendrimer structures where the dendritic glycerol-succinic acid units are attached to a 
linear polyetheylene glycol of 3400, 5000, or 20,000 g/mol molecular weights.92 These 
glycerol-based dendrimers, with architectures ranging from globular to dumb-bell, are 
termed biodendrimers, where the biocompatible building blocks are incorporated into the 
dendritic structure.93 
While the synthesis of dendrimers requires tedious, repetitive protection and 
deprotection steps, structurally similar hyperbranched glycerol polymers possess 
comparable properties and can be conveniently synthesized in a one-pot manner.94 
Although some monomers used for synthesizing hyperbranched polymers require a few 
steps to synthesize, this methodology still possesses advantages such as higher yields, 
reliable scalability as well as the readiness of running the polymerization as compared to 
the convergent or divergent synthesis of dendrimers, which is critical for their use by 
non-experts and large-scale production. Hyperbranched glycerol polymers have been 
synthesized using glycidol,95 glycerol carbonate,96 6-hydroxymethyl-1,4-dioxan-2-one (6-
HDON),97 5-hydroxymethyl-1,4-dioxan-2-one (5-HDON),94 and 5-(3-[(2-
hydroxyethyl)thio]propoxy)-1,3-dioxan-2-one (HTPDO)98 (Figure 1.9). All of these 
structures represent a latent cyclic AB2 type monomer and can be polymerized to form 
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hyperbranched glycerol-
based polyether and 
poly(ether-ester) by ring-
opening multi-branching 
polymerization 
(ROMBP). Compared to 
direct polycondensation 
of ABm type monomers, 
ROMBP gives polymers of more well-defined structures and narrow molecular weight 
distributions. For example, in cases of glycidol and glycerol carbonate, 1,1,1-
tris(hydroxymethyl)propane was used as the initiator and opened up a glycidol or 
glycerol carbonate with simultaneous decarboxylation. This process freed the latent 
hydroxyl group and lead to the exponential increase of both branching points and end 
groups affording the hyperbranched poly(glycerol ether) structure. Slow addition of the 
monomer gave polymers with PDIs as low as 1.1-1.6, which is exceptionally low for 
hyperbranched polymers. Hyperbranched poly(glycerol ether)s have been extensively 
studied and the reader is referred to insightful reviews by both Frey and co-workers99 and 
Haag and co-workers100-101 for additional information and data. 
An elegant extension of hyperbranched poly(glycerol ether)s is the preparation of 
micro / nanogels, described by Haag and co-workers.102-108 These micro / nanogels span a 
range of 20 nm – 350 nm and bridge the gap between hyperbranched polymers (<10 nm) 
and macroscopic or bulk hydrogels (>1000 nm).101 Two main approaches have been 
 
Figure 1.9 Various monomers reported for synthesizing 
glycerol based hyperbranched polymers. 	
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employed to synthesize 
those micro / nanogels. 
The first approach is 
termed “megamer” and 
combines partially 
alkyne- or azide-
functionalized low 
molecular weight 
hyperbranched 
polyglycerols under click 
conditions to form a 
giant “megamer” (Figure 1.10A).106-107 The second approach, namely, acid-catalyzed 
polyaddition, utilizes the polyaddition of polyol-polyepoxide monomers to form 
hyperbranched yet cross-linked networks under acid catalysis (Figure 1.10B).102-104 
While the “megamer” approach is general, controllable, and conducted under mild 
conditions, the acid catalyzed polyaddition approach possesses the advantage of being 
efficient and affords a structure solely derived from ether bonds without the need for 
further chemical cross-linking.101 Both strategies involve creating a confined micro / nano 
sphere in a continuous phase which is accomplished by inverse mini-emulsion or inverse 
nanoprecipitation with or without the assistance of surfactant. Being hyperbranched and 
cross-linked in nature, these micro / nanogels combine the characteristics from both 
hyperbranched polyglycerol and cross-linked hydrogel such as low viscosity, high 
 
Figure 1.10 Schematic presentation of (A) “Megamer” 
approach and (B) Acid-catalyzed polyaddition approach. 
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solubility, and limited swelling ratio. Moreover, environmental responsive modules such 
as pH or redox sensitive moieties have been successfully engineered into these micro / 
nanogels,106-108 and therefore, these compositions are of interest for biomedical 
applications. 
While glycidol and glycerol carbonate polymerize under anionic or cationic 
conditions to afford hyperbranched poly(glycerol ether)s in one step, a more intricately 
designed hyperbranched glycerol system have been reported by the research group of 
Zhuo and Parzuchowski.94, 97 In both reports, two biocompatible components, i.e. 
glycerol and glycolic acid, were incorporated into one monomer – 5-hydroxymethyl-1,4-
dioxan-2-one (5-HDON) or 6-hydroxymethyl-1,4-dioxan-2-one (6-HDON). A self-
condensing ring-opening polymerization affords hyperbranched poly(glycerol-co-
glycolic acid) with a degree of branching of 0.4 and 0.5 for 6-HDON and 5-HDON, 
respectively (Figure 1.11).  
Compared to linear 
polymers, these dendritic and 
hyperbranched polymers 
possess unique characteristics 
such as high surface area-to-
volume ratio, numerous end 
groups for functionalization, 
and nearly monodisperse 
structures with well-defined 
 
Figure 1.11 Ring-opening multibranching 
polymerization of 6-hydroxymethyl-1,4-dioxan-2-one 
(6-HDON) to afford glycerol-glycolic acid based 
hyperbranched polymer. 
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interior and exterior regions. These characteristics translate to unique properties such as 
low viscosity, high solubility, capability for small molecule encapsulation, and 
adhesiveness.7, 109 When coupled with the additional benefit of being built from building 
blocks that are known to be biocompatible and nontoxic, these structures are of interest 
for biomedical applications. 
1.3.4. Glycerol Derivative Polymers 
Polymers derived from 1,3-
dihydroxyacteone represent 
another important class of 
glycerol-type polymers. 
Dihydroxyacetone is one of the 
downstream metabolites of 
glycerol and also an intermediate 
metabolite in glycolysis. It is 
readily available (<0.4 $/gram 
from SigmaAldrich) as a cyclic 
dimer or by convenient selective 
catalytic oxidation of glycerol. 
Putnam and co-workers reported 
the first 1,3-dihydroxyacetone-
based polymer in 2005.110 In their 
 
Figure 1.12 A. Synthesis of poly(carbonate-
acetal)s derived from dihydroxyacetone dimer; B. 
Synthesis of poly(dihydroxyacetone carbonate) by 
ring-opening polymerization of a six-membered 
cyclic carbonate derived from dihydroxyacetone. 
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report, 1,3-dihydroxyacetone was locked in its dimer form by acetal protection. The 
resultant locked cyclic dimer was polycondensed with triphosgene to afford 
poly(carbonate-acetal)s (Figure 1.12A). Due to the cyclic structure on the polymer 
backbone, the resultant 1,3-dihydroxyacetone-based poly(carbonate-acetal)s possess glass 
transition temperatures >40 °C and thermal decomposition temperatures >300 °C, which 
is higher than those typically associated with aliphatic polycarbonates. Subsequently, 
Putnam and co-workers,16 Waymouth and co-workers,111 and Guilaume and co-
workers112 reported the ring-opening polymerization of dimethylketal 
dihydroxyacetonecarbonate using either Sn(Oct)2-catalyzed or organo-catalytic ring-
opening polymerization to afford poly(dihydroxyacetone carbonate)s (PDHA) (Figure 
1.12B) and copolymers with ethylene glycol,16 polylactic acid,113 and glycerol.114 After 
(co)polymerization, the dimethylketal was removed by either trifluoroacetic acid or trityl 
tetrafluoroborate with water to give the desired polymer. PDHA is a brittle 
semicrystalline polymer with a melting temperature (Tm) of 245 °C, which is close to the 
Tm of the structurally analogous commercial copolymer of ethylene and carbon monoxide 
(CarilonTM) (257 °C).111 Interestingly, although PDHA is insoluble in water and most 
organic solvents, when casted on a surface it appears hydrophilic as determined by 
contact angle measurement, presumably due to the dipole moment of the carbonyl group 
on the polymer backbone. This carbonyl group is critical for some applications because 
of its ability to react with the amine residues on a tissue surface to give a polymer 
coating.115 
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1.4 Biomedical Applications  
With efficient synthetic routes reported, diverse glycerol polymer architectures 
available, tunable physical and mechanical properties, biodegradability, and 
biocompatibility, glycerol polymers continue to be actively investigated for a number of 
biomedical applications, and several representative examples are described below.  
1.4.1. Drug Delivery 
A number of reports describe glycerol polymers as drug delivery vehicles for 
prolonged release. For example, Murphy and co-workers reported a microsphere drug 
delivery system based on poly(glycerol adipate-co-ω-pentadecalactone).80 The polymer 
microparticles were produced by spray drying from a double emulsion with L-leucine as 
a dispersibility enhancer. Incorporation of L-leucine significantly reduced the burst 
release of a doped model hydrophilic drug (e.g., sodium fluorescein) compared to 
unmodified formulation. Another glycerol polymer-based drug delivery system was 
reported by Garnett and co-workers in 2005.79 They prepared a library of linear 
poly(glycerol-co-adipate) via a condensation reaction, and these polymers possessed a 
pendant secondary hydroxyl group on each repeating glycerol unit. The hydroxyl groups 
were further functionalized with different degrees of fatty acids (C8 or C18). The fatty 
acid-functionalized polymers self-assembled into nanoparticles of ~200 nm in diameter, 
depending on the degree of fatty acid substitution and the length the fatty acid chain. The 
release profile of a hydrophilic radiolabelled 125I-deoxy-uridine, incorporated into the 
nanoparticle, was delayed without an initial burst release even in serum, which was in 
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contrast to the drug release profiles observed with poly(lactic-co-glycolic acid) (PLGA) 
or poly(lactic acid-co-ethylene glycol) (PLA-PEG) systems.116-117 
Dendritic glycerol-based polymers were also reported for delivery of therapeutic 
agents. For example, Grinstaff and co-workers discovered that a dendritic [G4] 
poly(glycerol-co-succinic acid) forms supramolecular assemblies with hydrophobic 
compounds in aqueous solution, and  can be used  for the delivery of hydrophobic 
chemotherapeutics such as 10-hydroxycamptothecin (10-HCPT). Enhanced in vitro 
anticancer activity was observed as a consequence of increased drug solubility, cell 
uptake, and cellular retention.118-120 In a recent report, Haag and co-workers described a 
dendritic polyglycerol-doxorubicin conjugate possessing an antibody for targeting, a 
fluorescence tag for labeling, and a PEG for solublization. The conjugates demonstrated 
specific targeting to cancer cell lines expressing epidermal growth factor receptor (A431, 
MDA-MB-468, Panc-1) with increased tolerability and enhanced cytotoxic activity.121 
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The standard of care for patients with early stage non-small-cell lung cancer 
(NSCLC) is surgical resection. Surgical resection is a delicate and complicated procedure 
as the surgeon must remove as much of the cancerous tissue as possible while sparing 
enough lung tissue for normal function and reduced patient morbidity. To address this 
unmet clinical need, Grinstaff and co-workers evaluated chemotherapeutic-loaded 
polymer films, that can be stapled into the resection margin during surgery, for the 
prevention of locoregional recurrence.73-75 Building upon their earlier work on the 
copolymerization of 5-BTC and ε-caprolactone using Sn(Oct)2 as the catalyst followed by 
hydrogenolysis, various fatty acids of chain lengths C8, C12, C14, C16, and C18 were 
coupled to the copolymer in order to impart different degrees of hydrophobicity, 
crystallinity, film forming capacity, and drug release rates.76 Drug-loaded films cast from 
solutions of polymer and the anticancer agent, 10-HCPT, exhibited prolonged release 
 
Figure 1.13. (a) Implantation of PGC-C18 film on a collagen scaffold. (b) PGC-C18 
film on surgical collagen scaffold. The upper panel shows a dry film; the lower panel 
shows flexibility of a wet film. Scale bar, 5 mm. Reproduced with permission. 
Copyright © 2010, Weily. 
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from four to over seven weeks with the rate of release being fastest for the C12 and 
slowest for the C18 analogue. The 10-hydroxycamptothecin loaded poly(glycerol 
monostearate-co-caprolactone) films were cytotoxic to Lewis lung carcinoma cells in 
vitro, and prevented the local growth and establishment of Lewis lung carcinoma tumors 
in vivo. In contrast, animals treated with a larger intravenous dose of 10-HCPT or 
unloaded films rapidly developed local tumors. Next, Grinstaff and co-workers 
encapsulated paclitaxel (a first line chemothereauptic used in later staged cancer patients) 
within the poly(glycerol monostearate-co-caprolactone) and evaluated the performance of 
the films in a lung cancer surgical resection model (Figure 1.13). The paclitaxel-loaded 
poly(glycerol monostearate-co-caprolactone) films exhibited prolonged tumor 
cytotoxicity in vitro against LLC, NCI-H460, and NCI-H292 cells for 50+ days, and 
prevented locoregional recurrence of tumor in vivo.74 Specifically, an overall freedom 
from locoregional recurrence of 83% was observed in the paclitaxel-loaded film 
treatment group, while the freedom from recurrence in mice treated with unloaded films 
or paclitaxel administered intraperitoneally or locally at the surgical site was significantly 
lower at 12, 22, 0%, respectively. This drug delivery concept could be translated to other 
cancers where surgical resection was performed, and similar results were described in a 
nude murine model of human sarcoma tumors.73 
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Given the above dependence 
of drug release rates on the choice of 
fatty acid-functionalized to the 
poly(glycerol-co-caprolactone) 
backbone, Grinstaff and co-workers 
explored a more intricately designed 
drug delivery system to take 
advantage of the superhydrophobic 
effect by fabricating drug loaded 
nanofiber meshes.77 In particular, 
poly(glycerol monostearate-co-
caprolactone) was blended with 
polycaprolactone, the model 
camptothecin drug, SN-38, and 
electrospun to give a non-woven 
polymeric mesh (Figure 1.14). This 
resultant mesh exhibited a high 
apparent contact angle, which arises 
from the hydrophobicity of C18 
chain, the rough surface of the polymeric nanofibers, and the 3D porous network. The 
release of SN-38 showed a striking dependence on the apparent contact angle of the mesh, 
with higher apparent contact angles slowing drug release relative to lower apparent 
 
Figure 1.14 Top: (A) PCL was used as the base 
polymer for fabrication of electrospun meshes 
and melted electrospun meshes. (B) PGC-C18 
was used as the hydrophobic dopant in 
electrospun PCL meshes to decrease their 
wettability. (C) Electrospun PCL mesh. (D) 
10% PGC-C18-doped electrospun PCL mesh. 
(E) A melted PCL mesh. (F) A melted 10% 
PGC-C18-doped electrospun PCL mesh. 
Bottom: Graphic illustration of the principle of 
using entrapped air layer as barrier to control 
drug release rate. Reproduced with permission. 
Copyright © 2012, American Chemical Society. 
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contact angles. Release of drug from the 
meshes was controlled by mesh wetting, which 
occurred as the air was slowly displaced from 
the mesh. In fact, wetting the mesh (with an 
ethanol treatment) or displacing the entrapped 
air using an ultrasound treatment accelerated 
drug release.77 The entrapped air layer within 
the superhydrophobic meshes was stable even 
in the presence of serum, and drug-loaded 
meshes were efficacious against several cancer 
cells in vitro for >60 days, thus demonstrating 
their applicability for long-term drug delivery. 
Importantly, this work highlighted a new 
concept for drug delivery, that is, using air as a 
barrier component to control the rate at which 
drug is released.  
Besides linear glycerol polymers, 
polyglycerol micro / nanogels are also being 
investigated for drug delivery applications. In 
particular, environment responsive modules were engineered into the micro / nanogel 
structures to control the release of therapeutic agents by an external stimuli. An excellent 
example was presented by Haag and co-workers, who developed a pH responsive 
 
Figure 1.15 Schematic representation 
of the nanoprecipitation process.  
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nanogel system based on acid sensitive benzylidene acetal moiety.107 The nanogel was 
synthesized by inverse precipitation of two low molecular hyperbranched polyglycerols 
with alkyne and azide moieties, respectively (Figure 1.15). The benzylidene acetal 
protected polyglycerol nanogel was stable under physiological pH while rapidly 
hydrolyzed at acidic pH, leading to 
the disintegration of the nanogel 
and release of the incorporated 
biomacromolecule, such as 
asparaginase. The enzyme was 
encapsulated with 100% efficiency, 
and the structural integrity and 
enzyme activity was fully retained 
after release. A similar dual 
responsive system, based on the 
incorporation of both a pH sensitive 
hydrazone and redox responsive 
disulfide bond, was also reported.108 
1.4.2.  Ophthalmic Sealant for 
Corneal Wounds 
Dendritic polyglycerols have also 
been used as ophthalmic adhesives 
 
Figure 1.16. Top: Chemical structure of the 
photo cross-linkable biodendrimer. Middle: 
Photographs of a secured autograft in an 
enucleated porcine eye after placement of (A) 8 
or (B) 16 interrupted 10-0 nylon sutures followed 
by application and photo cross-linking of the 
hydrogel adhesive. Bottom: Corneal laceration 
repair in an in vivo chicken model, postoperative 
day 5 cornea. (C) Adhesive, (D) Sutured. 
Reproduced with permission. Copyright © 2007, 
Investigative Ophthalmology & Visual Science 
and ARVO. 
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for repairing corneal lacerations, securing penetrating keratoplasties, and sealing laser in 
situ keratoplasties flaps.92, 122-124 As a result of the globular branched structure of 
dendrimers, which translates to low intrinsic viscosity and highly reactive surface, 
dendrimers are particularly suitable for preparing highly crosslinked hydrogels. Grinstaff 
and co-workers first synthesized a series of ABA triblock dendritic polymers (dumb-bell 
or bola-type architecture) of differing generation (G0, 1, 2, and 3) consisting of two 
methacrylate end-capped poly(glycerol-co-succinic acid) dendrons on the two chain ends 
of a nonimmunogenic poly(ethylene glycol) (PEG) (([Gn]-polyglycerol-succinic acid-
methacrylate)2-PEG (([Gn]-PGLSA-MA)2-PEG)), Figure 1.16).92 Application of these 
photocrosslinkable hybrid linear-dendritic copolymers to a 4.1 mm linear laceration 
followed by photolysis in the presence of a photoinitiator resulted in closure of the wound 
(Figure 1.16). The G1 formulation performed the best, and withstood a pressure of about 
171 mm Hg, well in excess of normal the intraocular pressure (15 and 20 mmHg). Next, 
they synthesized a series of first generation (G1) dendritic polymers, ([G1]-polyglycerol-
succinic acid-methacrylate)2-PEG) with three different central PEG block lengths (i.e., 
molecular weight = 3400, 10000, and 20000). As before, aqueous solutions of these 
polymers when applied to an ex vivo 4.1 mm cornea laceration, in an enucleated porcine 
eye, sealed the wound upon in situ polymerization with light. For example, the hydrogel 
sealant formed from the 20 wt% solution of ([G1]-PGLSA-MA)2-PEG10,000 maintained a 
leak proof seal until > 300 mm Hg. Besides providing a leaking pressure well above the	
normal intraocular pressure, the formed hydrogel also acted as a barrier for post-
operational microbial infection. Based on these encouraging ex vivo results, an in vivo 
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study was conducted.124 Full-thickness 4.1-mm lacerations were made in the right eyes of 
60 white leghorn chickens, and half of the wounds were treated with the ([G1]-PGLSA-
MA)2-PEG3,400 sealant and half were closed with three interrupted 10-0 nylon sutures 
(Figure 1.16). All the wounds were sealed by postoperative day one with no leaks 
observed. Although scarring was more prominent at day 7 in sealant treated corneas; by 
day 28, the sutured corneas exhibited more inflammation, scarring, and a more irregular 
anterior corneal surface. Clinically, all sealant treated corneas remained clear while 
nearly all sutured corneas displayed some degree of corneal scarring persisting through 
day 28. This hybrid linear-
dendritic sealant represents a 
safe, effective, and 
technically easier alternative 
to traditional suture repair of 
corneal wounds.	
1.4.3. Anti-bacterial and 
Anti-inflammatory Agent 
Of the various known 
agents that show anti-
bacterial activity, 
amphiphiles are an important 
class of anti-bacterial agents, 
 
Figure 1.17 1 and 2: bola-shaped [G1] dendrimers 
investigated for anti-bacterial activity; 3: sodium dodecyl 
sulfate; 4: non-ionic surfactant Triton X-100. 
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which act through the perturbation and disruption of the prokaryotic membrane. Grinstaff 
and co-workers reported an anti-bacterial agent based on an amphiphilic dendritic 
poly(glycerol-co-succinic acid).125 The dendritic glycerol polymers were designed in such 
a way that they contained one hydrophilic dendritic terminal end group with four sodium 
carboxylate and one hydrophobic terminal, with either one (1) or two (2) fatty acid chains 
connecting to the core of the dendrimer (Figure 1.17). Dendrimer 1, sodium dodecyl 
sulfate (SDS, 3), and Triton X-100 (4) were cytotoxic to both prokaryotes and eukaryotes 
at similar concentrations with the compounds exhibiting a ratio of eukaryotic to 
prokaryotic EC50 less than a factor of 3.8, which is not ideal for an antibacterial 
compound. Dendrimer 2, however, exhibits a ≥36-fold eukaryotic to prokaryotic EC50 
ratio.126-127 These results are of interest, as few reports describe linear polyanionic 
polymers with anti-bacterial activity. Importantly, this work showed that glycerol 
polymers, with their excellent built-in biocompatibility, may not only be used as 
structural and functional materials, but also the polymer entity itself with a specific 
structural motif can be used as an agent that exhibits therapeutic efficacy. 
Another exciting example in this category is the anti-inflammatory dendritic 
compound - polyglycerol sulfate (dPGS). Recruitment of the leukocytes to the 
inflammation site is a critical step of the development of various acute or chronic 
inflammatory diseases, and is mediated by the interaction between selectin and 
carbohydrate ligand. Therefore, specific inhibitors of selectin may provide a potent 
treatment of inflammatory disease. Haag and co-workers designed a sulfated dendritic 
polyglycerol which features a dendritic polyether core with sulfated hydroxyl groups on 
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the surface (Figure 1.18).128 
dPGS exhibited high binding 
affinity to L-selectin and P-
selectin. Interestingly, the 
binding affinity data showed 
both dependence on the core 
size and the degree of 
sulfation: increasing the core 
size from 240 Da to 2500 Da 
and 6000 Da resulted in 
increasing binding affinity from 2 mM, 90 nM, to 8 nM, respectively. Surprisingly, 
however, for the dendrimer with 6000 Da core size, the degree of sulfation showed an 
inverse relationship with binding affinity, indicating that ligand spacing also plays a 
critical role in binding affinity.  
1.4.4.  Coatings for Prevention of Seroma 
While glycerol polymers are used as structural or functional materials in drug 
delivery and ophthalmic surgery, as well as chemical entities with specific motifs that 
exhibit therapeutic efficacy itself, the glycerol polymer discussed in this example 
captures both of these features. Seroma formation is a common postoperative 
complication, particularly following ablative and reconstructive surgeries, where the fluid 
collects in the void space remaining after extensive tissue removal.115, 129-130 Putnam and 
co-workers reported a biocompatible and biodegradable poly(ethylene glycol-co-
 
Figure 1.18. Chemical structure of dendritic 
polyglycerol sulfate. 
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dihydroxyacetone 
carbonate) (MPEG-
PDHA) that is effective 
for prevention of 
seroma.115 They designed 
and synthesized MPEG-
PDHA with varying 
PDHA block molecular 
weights (5000-3000, 
5000-5000, 5000-7000 
g/mol) (Figure 1.19). 
MPEG-PDHA forms a 
physically cross-linked hydrogel upon hydration and shows thixotropic behavior, which 
allows remote delivery of the hydrogel through extrusion from a needle (Figure 1.19). 
Importantly, MPEG-PDHA 5000-3000 g/mol treated rats displayed a significant decrease 
in seroma volume while surprisingly, both 5000-5000 g/mol and 5000-7000 g/mol 
showed no statistical difference from untreated group. Addition of lysine, into the 
hydrogel which competitively reacts with the carbonyl on the polymer backbone, 
rendered the polymer ineffective suggesting that formation of the Schiff-base may be a 
critical step for the observed performance. MPEG-PDHA serves as the structural material 
that fills in the space and the carbonyl groups on the MPEG-PDHA react with amine on 
the tissue surface to provide an optimal outcome. 
 
Figure 1.19. Top: Synthesis of poly(ethylene glycol-block-
dihydroxyacetone carbonate); Bottom: (A) Viscosity 
readings show the MPEG-pDHA hydrogel thixotropic 
behavior (1% strain, 28 °C). (B) An example of MPEG-
pDHA 5,000–5,000 extruded from a 26-gauge needle. 
Reproduced with permission. Copyright © 2010, National 
Academy of Sciences. 
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Besides the above-mentioned applications, glycerol and glycerol derivative 
polymers have also been investigated in other applications such as a biorepellent coating 
for surfaces,59, 131-132 an alternative to heparin as an injectable anticoagulant,133 and as a 
vehicle for gene delivery,134-136 which are comprehensively summarized in a review by 
Haag and co-workers.100 All these applications add to the diversity of the biomedical 
applications to which glycerol polymers can be engineered, provide insights into the 
structure-property relationship of glycerol polymers, and further justify continued efforts 
in this area. 
1.5 Medical Polymers Market   
Medical polymers, such as biodegradable polymers (e.g. poly(lactic acid) (PLA) 
and poly(glycolic acid) (PGA)), polymethylmethacrylate, polypropylene, polyvinyl 
chloride, nylons, polyurethanes, and poly(tetrafluoroethylene) (Teflon) are used in a 
variety of medical device products.  These products include wound dressings, catheters, 
vascular grafts, implantable defibrillator, blood filters, contact lenses, automated 
analyzers, diagnostic and imaging devices, surgical screws, nails, plates, and many 
others. The global biomaterials market is projected to increase at a CAGR (compound 
annual growth rate) of 14% (2007-2017) according to Industry Experts. Consequently, 
medical polymers represent a major commercial market, and this market is growing, and 
is predicted to exceed $3.5 billion by 2018. Polymeric biomaterials used in medical 
applications are driven by the clinical and market needs. Once the design requirements 
for performance are identified, the task of manufacturing, pre-clinical testing, and 
regulatory approval must be completed. Glycerol and glycerol derivative polymers, with 
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their built-in biocompatibility, possesses benefits such as: 1) a variety of accessible 
architectures and compositions to afford linear, hyperbranched, dendritic polyether or 
polycarbonate, as well as copolymers with hydroxyacids; 2) an easily modifiable 
structure for introducing specific moieties or functional groups or preparation of block 
polymers via backbone and chain end conjugation. These benefits translate to efficient 
routes for the synthesis of specific polymers and to unique properties including, but not 
limited to, degradation, gel-forming ability, and thixotropic behavior. In many ways, 
glycerol polymers are the next generation biodegradable polymers like the well-
known PLA, first discovered in the 1960's, but with all of its advantages and more. 
Coupled with the low cost, ample supply, bioavailability and renewability of glycerol, we 
envision that glycerol and glycerol polymers represent a major opportunity for replacing 
or complementing the current polymers used in the biomedical market, and making a 
difference in patient care. 
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CHAPTER 2: Design and Synthesis of Poly(1,2-glycerol carbonate): Degradable 
Polymers for Biomedical and Pharmaceutical Applications 
2.1 Chapter Forward 
This chapter describes the design, synthesis, and evaluation of a new class of 
glycerol polymer – poly(1,2-glycerol carbonate). Poly(1,2-glycerol carbonate) is a 
structural isomer of poly(1,3-glycerol carbonate). While poly(1,3-glycerol carbonate) and 
its structural analogues have been synthesized and evaluated for a range of biomedical 
applications, poly(1,2-glycerol carbonate), however, is far less explored. The barrier 
mainly lies in the fact that there are no effective polymerization methods exist to access 
the poly(1,2-carbonate) structure. Pioneered by Inoue, catalytic copolymerization of 
epoxides with CO2 is receiving increasingly more attention for both environmental and 
economical reasons, and a number of catalytic systems based on zinc, chromium, and 
cobalt have been described over the past 15 years. However, beyond the environmental 
and economical benefits, catalytic epoxide with CO2 copolymerization provides an 
 
Figure 2.1 Schematic presentation of synthetic pathway to access poly(1,2-glycerol 
carbonate) structure. 	
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exciting platform for synthesizing poly(1,2-carbonate)s that are otherwise not accessible 
by traditional methods from inexpensive and abundant materials.  
In this chapter, cobalt salen-catalyzed ring-opening copolymerization of epoxides 
and CO2 was utilized to access poly(1,2-glycerol carbonate) structure. Specifically, 
poly(benzyl 1,2-glycerol carbonate)s were obtained via the ring-opening 
copolymerization of rac-/(R)-benzyl glycidyl ether with CO2 using [SalcyCoIIIX] 
complexes with high carbonate linkage selectivity and polymer/cyclic carbonate 
selectivity (>99%). Debenzylation of the resultant polymers afforded poly(1,2-glycerol 
carbonate)s with a functionalizable pendant primary hydroxyl group. Poly(1,2-glycerol 
carbonate) showed a remarkable increase in degradation rate compared to poly(1,3-
glycerol carbonate) with a t1/2 ≈ 2 − 3 days. These polymers fulfill an unmet need for a 
readily degradable biocompatible polycarbonate. 
2.2 Introduction 
Glycerol based polymers are of widespread interest for industrial, cosmetic, and 
pharmaceutical applications. Various polymer architectures from linear to dendritic are 
reported for pure poly(glycerol ether)s and carbonates as well as copolymers with 
hydroxyacids, for example, to give poly(ether-ester)s or poly(carbonate-ester)s.89, 94-95, 97, 
100, 137 Within the biomedical arena, these polymers possess the following advantages: 1) 
a free hydroxyl for functionalization with chemotherapeutic agents, antibacterial 
compounds, anti-inflammatory agents,37, 128 fluorescent tags,41 or material property 
modifiers;76 2) a defined biodegradation route to afford non-toxic and non-acidic 
byproducts - e.g., glycerol and carbon dioxide; 3) physical properties ranging from semi-
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crystalline or amorphous materials based on the polymer or copolymer composition; and 
4) amenability to manufacturing methods such as casting or electrospinning.77 In many 
ways, these polymers provide users the capabilities of well-known polymers like PLA 
(polylactic acid) or PLGA (poly(lactic-co-glycolic acid)) with the additional benefits of 
an easily modifiable structure and non-acidic products upon biodegradation. These 
advantages have been put to use, and poly(1,3-glycerol carbonate)16, 37, 79, 113 based 
biomaterials are being 
investigated as drug-
loaded buttressing 
films for the prevention 
of tumor recurrence 
after surgical 
resection,74 nanoparticles for drug delivery,41, 79-80 and coatings for prevention of 
seroma.115 Surprisingly, linear poly(1,2-glycerol carbonate)s are far less explored (Figure 
2.2) and yet one would hypothesize that these materials would degrade more readily than 
the 1,3-glycerol analogs, fulfilling an unmet need for readily degradable biocompatible 
polycarbonates. Herein, a facile and efficient method to synthesize linear atactic poly(1,2-
glycerol carbonate)s using a readily available starting material, benzyl glycidyl ether 
(BGE, 1), the hydrolytic kinetic resolution of BGE using Jacobsen’s catalyst and 
subsequent polymerization to afford the chiral isotactic polymer, the debenzylation to 
afford the polymer with a primary hydroxyl group, as well as the degradation rate of the 
polymer are reported. 
 
Figure 2.2 Chemical structures of a linear poly(1,3-glycerol 
carbonate) and poly(1,2-glycerol carbonate). 
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Linear poly(1,3-glycerol carbonate)s are synthesized via ring-opening 
polymerization of the six-membered cyclic 3-benzyloxytrimethylene carbonate 
monomer37, 40, 69-70 or dimethylacetal dihydroxyacetone carbonate16, 83, 111 monomer. Post 
polymerization, the benzyl group can be hydrogenated or the ketone can be reduced to 
afford a hydroxyl group, respectively (Figure 2.3). Although these routes provide ample 
materials, the monomers require 2-3 
steps for preparation and the resulting 
polymers possess a secondary, less 
reactive hydroxyl for subsequent use 
and are usually of broad molecular 
distribution. Poly(1,2-glycerol 
carbonate)s would likely be 
challenging to synthesize. 
Traditionally, polycarbonates are 
made either by ring-opening polymerization of cyclic carbonates or polycondensation of 
diols with phosgene. Neither route is favored for accessing poly(1,2-glycerol carbonate)s, 
because unlike poly(1,3-carbonate)s (such as poly(trimethylene carbonate) (PTMC)), 
which are polymerized from six-membered cyclic carbonates, five-membered cyclic 
carbonates are remarkably stable thermodynamically and ring-opening polymerizations 
generally do not occur under mild conditions, or proceed with extensive decarboxylation 
under vigorous condition.138 However, an exception is the polymerization of a trans-fused 
bicyclic structure to give trans-poly(cyclohexane carbonate). Attempts to polycondense 
 
Figure 2.3 Synthesis of poly(1,3-glycerol 
carbonate) and poly(dihydroxyacetone 
carbonate). 
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1,2-diols with phosgene mainly produce five-membered cyclic carbonates instead of 1,2-
linked poly(glycerol carbonate)s. However these polymers may be accessed via the ring-
opening copolymerization of the corresponding glycidyl ether with CO2. Given the 
elegant work of Coates,139-141 Darensbourg,142-143 Lu,144-145 and Nozaki146 on expoxide 
ring opening copolymerization with carbon dioxide using metal salen catalysts, this 
approach was explored to prepare linear poly(1,2-glycerol carbonate)s. 
2.3 Results and Discussion 
2.3.1 Copolymerization Chemistry 
The benzyl protected poly(1,2-glycerol carbonate) was synthesized via ring-
opening copolymerization of BGE with CO2 (220 psi) using the [SalcyCoIIIX] 
complexes, 2a-2e, 
shown in Figure 2.4. 
First, a series of 
catalysts with different 
axial ligands including 
nitrate, chloride, 
bromide, 
trichloroacetate, and 
2,4-dinitrophenoxy (DNP) (Table 2.1) were examined. All of the resultant polymers 
contained >99% carbonate linkage, as determined by the absence of the ether proton peak 
at ~3.5 ppm in 1H NMR and the selectivity for polymerization ranged from 73% to 98% 
 
Figure 2.4 Synthesis of atactic poly(benzyl 1,2-glycerol 
carbonate)s (PBGC’s) using [(S,S)-SalcyCoIIIX]/PPNY. 
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depending on the axial ligand. The selectivity for polymerization was highest for DNP 
and lowest for bromide. When DNP serves as both axial ligand and co-catalyst anion, the 
highest selectivity for polymerization was achieved. All resultant polymers showed a 
head-to-tail selectivity of 92%. The catalyst activity, however, was significantly lower 
than that reported for the polymerization of propylene oxide (~150 h-1 vs. ~500 h-1, 
respectively).139, 145 This may be a result of the more sterically hindered side chain or 
trace water coordinating to the Co reducing catalytic activity.147 Increasing the 
temperature to 50 °C led to moderately increased activity, but selectivity for 
polymerization was compromised. Size exclusion chromatography (SEC) analysis 
revealed molecular 
weights significantly 
lower than theoretical 
values and bimodal 
but narrow PDIs 
(<1.07 for each and 
<1.15 combined). A 
plot of molecular 
weight versus 
conversion showed a 
linear increase of Mn with conversion. These results are consistent with an immortal 
polymerization mechanism involving fast and reversible chain transfer, as has been 
reported for the polymerization of propylene oxide.139, 148 
Table 2.1 Axial Ligand Effect on the Polymerization of rac-
BGE with Carbon Dioxide Using [(S,S)-SalcyCoIIIX]/[PPN]Y 
# Catalyst Turnover 
Freq. (h-1) 
Selectivity 
(% PBGC) 
Mn 
(kg/mol)1 
PDI 
1 2a 123 96 32.3 1.13 
2 2b 142 94 34.4 1.12 
3 2c 146 73 19.7 1.15 
4 2d 160 96 25.5 1.09 
5 2e 140 98 41.3 1.10 
62 2e 150 >99 33.6 1.13 
72,3 2e 200 87 27.3 1.12 
The reactions were performed in neat rac-BGE (3.81 ml, 25 mmol) in a 
45 ml autoclave under 220 psi CO2 pressure with 1000:1:1 rac-
BGE/(S,S)-SalcyCoIIIX]/[PPN]Cl loading at 22 °C for 4 h. All resultant 
poly(benzyl 1,2-glycerol carbonate)s (PBGC's) contain >99% carbonate 
linkage, determined by 1H spectroscopy. 1All resultant polymers exhibit a 
bimodal distribution, the values are averaged over two peaks. 2The 
reaction was performed with cocatalyst [PPN]DNP. 3The reaction was 
performed at 50 °C. 
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2.3.2 Synthesis of a Thermally Stable, Bifunctional Catalyst 
As observed in copolymerization of propylene oxide with CO2, the cyclic 
carbonate product 4 was also being produced when the conversion reached ~70% in the 
copolymerization of BGE and CO2. Based on the work by Lu, who reported that a 
tethered 1,5,7-triabicyclo[4,4,0]-dec-5-ene coordinating [SalcyCoIIIX] complex was a 
more thermally stable and robust catalyst (even under diluted solutions) for CO2/epoxide 
polymerizations, catalyst 3 was investigated for the polymerization of BGE (Figure 2.4). 
Catalyst 3 was synthesized following a slightly modified literature procedure (Figure 
2.5). 
The resultant polymers ranged in Mn from 32 to 48 kg/mol, contained >99% 
carbonate linkage with >97% polycarbonate selectivity, and possessed narrow PDIs 
	
Figure 2.5 Synthesis of bifunctional catalyst 3 	
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(Table 2.2). Catalyst 3 remained stable and active under elevated temperatures, low 
catalyst loading, and / or diluted solutions. Typically, decreasing the catalyst loading 
from 2000:1 to 10000:1 led to moderate decrease in turnover frequency (TOF), while no 
loss in selectivity for polymerization was observed (>99%) (Table 2.2, # 2-4). Highest 
TOF, 620 h-1, was achieved at a temperature of 60 oC and a 10000:1 catalyst loading, 
with only slightly compromised polymer selectivity (97%). Running the reaction in 
toluene at 4000:1 catalyst loading (Table 2.2, # 6) resulted in nearly complete conversion 
(>97%) of the monomer. The resultant PBGC polymers were isolated as tough rubbery 
polymers, soluble in DCM, THF, and toluene, but not in alcohols or water. 
2.3.3 Synthesis of An Isotacic Version of Poly(benzyl 1,2-glycerol carbonate) 
Tacticity of a polymer has a significant influence on polymer thermal, 
mechanical, and other properties. The traditional industrial workhorse polymer – 
polypropylene for example, isotactic polypropylene is featured by its high stiffness and 
Table 2.2 Copolymerization of rac-BGE with CO2 Using Catalyst 3. 
# Catalyst loading Temp (oC) 
Turnover 
Freq. (h-1) 
Polymer 
Selectivity 
Mn (kg/mol)/ 
PDI1 
1 2000:1 20 148 >99 34.9/1.10 
2 2000:1 40 362 >99 33.6/1.11 
3 4000:1 40 328 >99 48.1/1.13 
4 10000:1 40 288 >99 38.1/1.09 
5 10000:1 60 620 97 32.2/1.14 
62 4000:1 40 235 >99 37.3/1.15 
The reactions were performed in neat rac-BGE (3.81 ml, 25 mmol) in a 45 ml autoclave under 220 
psi CO2 pressure. All resultant poly(benzyl 1,2-glycerol carbonate)s (PBGC's) contain >99% 
carbonate linkage, determined by 1H spectroscopy. 1All resultant polymers exhibit a bimodal 
distribution, the values are averaged over two peaks. 2The reaction was performed in 1 mL toluene 
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tensile strength. Compared to isotactic, syndiotactic polypropylene is less stiff, but 
possesses higher impact 
strength and clarity. Atactic 
polypropylene, however, is a 
sticky and amorphous solid.   
Given the encouraging 
result above, a chiral, isotactic, 
version of the polymer was 
synthesized and compared to an atactic version of the polymer. A hydrolytic kinetic 
resolution of BGE was performed with Jacobson’s catalyst in greater than 98% yield to 
afford the R-enantiomer, following a published procedure.149 Subsequent polymerization 
of the R-enantiomer with 
CO2 using catalyst 3 
afforded an isotactic 
polymer 4 of 20.3 kg/mol 
with PDI of 1.11 (Figure 
2.6). The atactic polymer 
was prepared by 
copolymerization of rac-
BGE with CO2 using [rac-
SalcyCoIIIDNP].150 The 
isotactic nature of the polymer was evident from the 13C NMR (125 MHz, CDCl3) 
 
Figure 2.7 13C carbonyl region of atactic (left) and 
isotactic (right) polymer. 
 
Figure 2.6 Synthesis of isotactic PBGC. 
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spectrum as shown in Figure 2.7. The atactic polymer was characterized by the 
overlapping triads signals while the isotactic polymer exhibited one single sharp carbonyl 
peak at 154.1 ppm. The 13C spectrum also shows a head-to-tail selectivity of 98%. When 
the polymer was dissolved in THF, it possesses a specific rotation of -15.2° at 27 °C.  
Next, the benzyl-protecting group of the primary hydroxyl of the polymer was 
removed using hydrogenolysis. It should be note that typical low pressure hydrogenolysis 
in different solvent systems failed to provide the desired debenzylated product. Only high 
H2 pressure in ethyl acetate/methanol mixture under elevated temperature gave the 
desired product. Specifically, the atactic polymer (Mn = 25.5 kg/mol; PDI 1.09; entry 4, 
Table 2.1) was dissolved in 7:3 ethyl acetate: methanol with Pd/C (20% catalyst loading 
based on Pd) and pressurized to 600 psi of H2 at 40 °C for 24 hours. After isolation of the 
polymer, NMR analysis revealed that the aromatic peaks located at 7.1-7.2 ppm were no 
longer present, confirming loss of the benzyl group from the polymer. The result from 
SEC analysis was consistent with the proposed structure (Mn = 13.7 kg/mol; PDI 1.11). 
Isotactic poly(1,2-glycerol carbonate) was synthesized from polymer 4 (20.3 kg/mol, PDI 
1.16) using the same procedure. Hydrogenation reactions performed in THF, DCM and at 
low H2 pressure did not give the deprotected polymer. The poly(1,2-glycerol carbonate) is 
not soluble in common organic solvents (DCM), but is soluble in polar organic solvents 
such as DMF and DMSO. 
2.3.4 Degradation Study of Poly(1,2-glycerol carbonate) and Cytotoxicity Study of Cyclic 
Glycerol Carbonate 
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Finally, the degradation rate of poly(1,2-glycerol carbonate) in DMF at 37 oC was 
studied. The molecular 
weight change was monitored 
by SEC and compared to that 
of a poly(1,3-glycerol 
carbonate). As shown in 
Figure 2.8, atactic and 
isotactic poly(1,2-glycerol 
carbonate)s degrade 
significantly faster than 
poly(1,3-glycerol carbonate) 
with t1/2 of ~2 days. No degradation occurred over the 4 day period for the poly(1,3-
glycerol carbonate). This increase in degradation was attributed to low activation energy 
of intramolecular attack of the pendant primary hydroxyl, compared to the secondary 
hydroxyl group in poly(1,3-glycerol carbonate), to the carbonate linkage with formation 
of the thermodynamically stable 5-membered cyclic glycerol carbonate (Figure 2.9).  
 
Figure 2.8 Degradation of poly(1,2-glycerol carbonate) 
compare to poly(1,3-glycerol carbonate) in DMF at 37 
oC. 
 
Figure 2.9 Degradation of poly(1,2-glycerol carbonate) via a cyclization mechanism to 
form 5-membered cyclic glycerol carbonate. 
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Cytotoxicity of the formed 5-membered cyclic glycerol carbonate was determined 
using NIH 3T3 fibroblast cell line. As shown in Figure 2.10, cyclic glycerol carbonate 
does not show observable 
cytotoxicity up to 10 mg/mL, 
which can essentially 
considered to be nontoxic. 
However, it should be noted 
that the degradation 
mechanism involved in in 
vivo applications will likely to be a combination of hydrolytic degradation and the 
cyclization mechanism mentioned above, both of which lead to nontoxic product – 
glycerol/CO2 or cyclic glycerol carbonate. 
2.4 Conclusions 
In summary a facile route to atactic and isotactic poly(1,2-glycerol carbonate)s is 
reported via copolymerization of BGE with CO2 using Co-salen complexes as catalysts. 
These polycarbonates, from simple and abundant starting materials, expand the repertoire 
of readily degradable polymers available for biomedical applications – including one that 
is chiral of which there are very few reported. Currently used polymers are generally 
limited in composition and functionalizability being based on polyhydroxyacids, although 
a few elegant exceptions exist, including polyphosphoesters, copolymers of lactic 
acid with lysine or xylofuranose, and hydroxyl- / carboxyl-functionalized 
 
Figure 2.10 Cytotoxicity study of 5-membered cyclic 
glycerol carbonate using NIH 3T3 fibroblast cell line. 
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polycaprolactones.151-154 Continued investigation into new polymer compositions, 
methods of polymerization, and catalyst are critical to meet the changing and varied 
demands of polymer properties for medical devices, drug-device combinations, and 
tissue-engineered scaffolds. 
2.5 Materials and Methods 
All manipulations involving air- and/or water-sensitive compounds were carried 
out in glovebox. Benzyl glycidyl ether and toluene were refluxed over CaH2 for at least 
three days, and fractionally distilled under a nitrogen atmosphere prior to use. Carbon 
dioxide (99.995%, Research Grade) was purchased from Airgas. Catalyst 2a – 2e were 
synthesized according to the literature. [SalcyCoII], PPNCl, and Pd/C (10%) (wetted with 
ca. 50% water) were purchased from Strem and used as received. PPNDNP (DNP = 2,4-
dinitrophenoxy) was synthesized according to the literature. Poly(1,3-glycerol carbonate) 
was synthesized according to literature procedure.  
1H and 13C NMR spectra were recorded on a Varian 500 MHz (1H, 500MHz; 13C, 
125 MHz) spectrometer. Their peak frequencies were referenced against the solvent, 
chloroform-d at δ 7.24 for 1H NMR and δ 77.23 ppm for 13C NMR, respectively.  
Poly(benzyl 1,2-glycerol carbonate) molecular weights were determined by SEC 
using polystyrene standards with THF as the eluent at a flow rate of 1.0 ml/min through 
Styragel column (HR4E THF, 7.8 x 300 mm) with a refractive index detector. Poly(1,2-
glycerol carbonate) molecular weight was determined by size exclusion chromatography 
using polystyrene standards with DMF with 0.05 M LiBr as the eluent at a flow rate of 
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1.0 ml/min through Styragel column (HR5E DMF, 7.8 x 300 mm) with a refractive index 
detector. 
Specific rotations were determined using a Rudolph Autopol II polarimeter 
operating at 589 nm in a 50 mm pathlength cell. 
2.5.1 Copolymerization of rac-Benzyl Glycidyl Ether with CO2 
rac-Benzyl glycidyl ether (3.81 ml, 25 mmol) was added into the high pressure 
autoclave, followed by the addition of (S,S)-SalcyCoIIICl (15.98 mg, 0.025 mmol) and 
PPNCl (14.35 mg, 0.025 mmol). The autoclave was transferred from the glovebox and 
charged with CO2 to 220 psi. The reaction was allow to run at 22 °C for 4 h. The CO2 
pressure was then released and the reaction mixture diluted with 8 ml DCM and MeOH 
(7:1) and 1 drop of 1 M HCl aq. solution. The mixture was added dropwise into MeOH 
(70 ml) and the precipitated polymer was collected. The precipitation was repeated 
another 2 times for complete removal of the catalyst and unreacted monomer. After 
drying under high vacuum, 2.86 g (55%) of a transparent rubbery polymer was collected. 
1H NMR (500 MHz, CDCl3): δ 7.20-7.35 (br, 5H), 4.98-5.08 (br, 1H), 4.20-4.45 (br, 2H), 
4.45-4.55 (br, 2H), 3.55-3.65 (br, 2H); 13C NMR (125 MHz, CDCl3): δ 154.2, 137.5, 
128.4, 127.7, 74.3, 73.3, 67.6, 66.0; SEC (THF): Mn = 34400 g/mol, Mw = 38500 g/mol, 
PDI = 1.12. 
2.5.2 Jacobsen’s Hydrolytic Kinetic Resolution of rac-Benzyl Glycidyl Ether.  
The catalyst ((R,R)-1, 151 mg, 250 µmol, 0.005 equiv) was dissolved in (±)-
benzyl glycidyl ether (8.20 g, 50.0 mmol), AcOH (57 µL, 1.0 mmol, 0.02 equiv) and 0.5 
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mL THF. The solution was cooled to 0 °C and treated with water (495 µL, 27.5 mmol, 
0.55 equiv). After 16 h’s vigorous stirring, (R)-benzyl glycidyl ether (3.82 g, 23.3 mmol, 
48%) was isolated by vacuum distillation (82 °C, 0.25 Torr) into a cooled (0 °C) 
receiving flask. The e.e. of the recovered epoxide was determined to be >99% by chiral 
HPLC analysis (Chiralcel® OD, 95:5 hexanes:i-PrOH, 1 mL / min, 214 nm, tR(minor) = 
11.56 min, tR(major) = 9.72 min). [α]26D +10° (c 5.2, MeOH); Lit.
 [α]32D +9.8° (c 5.13, 
MeOH). 
2.5.3 Debenzylation of Poly(benzyl 1,2-glycerol carbonate). 
Poly(benzyl 1,2-glycerol carbonate) (300 mg, Mw = 25500 g/mol, 1.44 mmol 
based on repeating unit) was transferred into a high pressure autoclave and ethyl acetate : 
MeOH (7:3, 7 ml) was added to dissolve the polymer. After the polymer was dissolved 
completely, Pd/C (10% dry basis) wetted with ca. 50% water (610 mg, 0.228 mmol, 20% 
based on repeating unit) was added. The autoclave was charged with H2 to 600 psi. After 
24 h at 40 °C, the pressure was released and the reaction mixture was filter through filter 
paper. The solvent was removed under reduced pressure and the polymer was dried under 
vacuum to afford poly(1,2-glycerol carbonate) 156 mg as snow white solid (92%). 1H 
NMR (500 MHz, CDCl3): δ 5.00-5.15 (br, 1H), 4.75-4.88 (br, 1H), 4.45-4.55 (br, 2H), 
3.45-3.65 (br, 2H); 13C NMR (125 MHz, CDCl3): δ 154.3, 76.7, 66.3, 59.4; SEC (DMF 
with 0.05 M LiBr): Mn = 13700 g/mol, Mw = 15200 g/mol, PDI = 1.11. 
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2.5.4 Modified Procedure for Synthesizing Catalyst 3. 
Compound I (500 mg, 2.25 mmol) was dissolved in DCM (10 ml), followed by 
addition of PPh3 (620 mg, 2.36 mmol). The reaction mixture was cooled to 0 °C in an ice 
bath. Br2 (0.12 ml, 2.36 mmol) was added dropwise into the reaction mixture. After the 
addition of Br2, the reaction was allowed to stir at 0 °C for 4 h before it was quenched by 
the addition of aq. NaHCO3 (10 ml). The organic layer was separated and the aqueous 
layer was extracted with DCM (3 x 5 ml). The organic layers were combined and solvent 
was removed under reduce pressure. Flash column chromatography (EA:Hex 10:1) 
afforded compound II (622 mg, 97%). 
Compound II (500mg, 1.75 mmol) was dissolved in DMF (5 ml). 1,5,7-
Triazabicyclo[4.4.0]dec-5-ene (366 mg, 2.63 mmol), n-Bu4NI (32.3 mg, 0.0875 mmol) 
was added into the reaction mixture. Then, NaH (84 mg, 3.5 mmol) was added in one 
portion. The reaction mixture was allowed to stir at 50 °C for 5 h before the DMF was 
removed under vacuum. DCM (10 ml) and aq. sat. NaHCO3 were added and the organic 
layer was separated. The aqueous layer was extracted with DCM (3 x 5 ml). The organic 
layers were combined and solvent was removed under reduced pressure. Flash column 
chromatography (DCM:MeOH 10:1) afford compound III (511 mg, 85%). The 1H and 
13C spectra matched those reported 
2.6 Supporting Information 
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CHAPTER 3: Terpolymerization of Benzyl Glycidyl Ether, Propylene Oxide, and 
Carbon Dioxide 
3.1 Chapter Forward 
During the course of our research, we noticed that poly(benzyl 1,2-glycerol 
carbonate) is a soft rubbery material with poor mechanical properties with a Tg of 8 °C, 
which is well below body temperature. A relatively high Tg (above or close to body 
temperature) is vital for applications such as tissue implants, since materials with Tg’s 
well below body temperature will easily deform and these deformations are fatal 
especially in cases where low three-dimensional stability are required. To this end, the 
possibility to incorporate a third monomer – propylene oxide into the copolymerization of 
benzyl glycidyl ether and CO2 is explored. Previous studies have shown that 
poly(propylene carbonate) is a brittle materials possessing a Tg of ~ 40 °C. It is 
hypothesized that by incorporating propylene carbonate unit into the polymer backbone, 
the resultant terpolymer will have improved thermal, and mechanical properties 
compared to the copolymer.  
The terpolymerization of benzyl glycidyl ether (BGE), propylene oxide (PO), and 
CO2  using both a binary [rac-SalcyCoIIIDNP]/PPNDNP system and a bifunctional [rac-
SalcyCoIIIDNP] catalyst bearing a quaternary ammonium salt will be presented in this 
chapter. Catalyst activities ranged from 149 to 563 h-1 for the binary catalyst at the 
various monomer feeding ratios. The bifunctional catalyst showed increased activity up 
to 857 h-1 at higher temperature with slightly compromised polymer selectivity. The 
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percentage of BGE or PO incorporation in the polymer chain reflected the initial feeding 
ratio and remains constant during the course of the reaction. A Fineman-Ross plot 
determined the monomer reactivity ratio to be 1.15 and 0.93 for BGE and PO, 
respectively. The glass transition temperature of the terpolymers is dependent on 1,2-
glycerol carbonate (GC) content and decreases from 37 to 8 °C with increasing GC 
content. The decomposition temperature at 5% weight loss also shows a similar 
dependency, and varies from 233 to 269 °C. The benzyl protecting group was removed 
using H2 and Pd/C to afford the poly(1,2-glycerol-co-propylene carbonate)s (PGC-co-
PC). The glass transition and decomposition temperatures as well as the mechanical 
properties were lower for the PGC-co-PCs compared with the corresponding values for 
the poly(benzyl 1,2-glycerol-co-propylene carbonate)s (PBGC-co-PC). 
3.2 Introduction 
Polycarbonates are versatile polymers used in a wide range of applications 
spanning from the electronic to the biomedical arena because of their favorable 
temperature resistance, impact resistance, degradation, and optical properties.155 
Traditionally, polycarbonates are prepared via the polycondensation of diols with 
phosgene, and, although extensively used, this method does possess drawbacks.156 The 
catalytic approach to couple CO2 with an epoxide in an alternating fashion represents one 
of the most promising and environmental-friendly methods to synthesize polycarbonates. 
Following the discovery of the [SalcyCoIIIX] catalyst systems,141 a series of highly active 
and selective catalyst systems have been reported including those based on the binary 
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[SalcyCoIIIX]/PPNY system.139, 144-146, 157-158 These cobalt metal complexes are active 
copolymerization and terpolymerization catalyst for a variety of cyclic and acyclic 
aliphatic epoxides with CO2.148, 159-162 
Of the various available cyclic and acyclic aliphatic epoxides, our interest is in 
those monomers that yield a 1,2-linked glycerol carbonate unit as the polymer backbone.  
Glycerol is a natural metabolite found in the human body and is a component in lipid 
structures. It possesses favorable biodegradation and biocompatible properties and is 
found on the FDA GRAS (Generally Regarded as Safe) list. Consequently, glycerol 
based polymers are being investigated for a number of biomedical and pharmaceutical 
applications such as drug loaded buttressing films,74 particles for drug delivery,41, 79-80 
and coatings for prevention of seroma.115 Various polymer architectures ranging from 
linear to dendritic have been reported for pure polyglycerol ethers and carbonates as well 
as copolymers with hydroxyacids, for example, to give polyether esters or polycarbonate 
esters.37, 39, 88, 90, 94-95, 100 In general, these polymers possess certain advantages including: 
(1) a pendent primary hydroxyl group for further modification; (2) a biodegradation 
pathway to afford nontoxic and nonacidic products – glycerol and CO2; and (3) physical 
properties ranging from amorphous to semi-crystalline depending on the polymer or 
copolymer composition. 
In the previous chapters, a facile and efficient method to access structurally new 
glycerol-derived polymers – poly(1,2-glycerol carbonate)s by copolymerizing benzyl 
glycidyl ether with CO2 using [SalcyCoIIIX] complexes was presented.38 Both atactic and 
isotatic polymers were prepared and subsequently deprotected to afford poly(1,2-glycerol 
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carbonate) copolymers composed of only CO2 and glycerol. With this success, it became 
important to extend this methodology to terpolymerizations and to explore the properties 
of the resultant polymers. Given the significant knowledge on the synthesis and 
characterization of poly(propylene carbonate)s (PPCs), propylene oxide was selected as 
the third monomer for the terpolymerization with benzyl glycidyl ether and CO2. PPC 
possesses high impact resistance and scratch resistant properties with a Tg of ~40 °C, and 
is a conventional engineering plastic. It is used in a number of industrial and food 
products, such as coatings for metal food cans, due to its excellent oxygen barrier 
property. In contrast, PBGC is a soft material and has a low glass transition temperature 
(Tg) of ~9 °C. These two monomers when copolymerized with CO2 should give distinct 
polymers with significantly different properties (e.g., thermal, mechanical) than their 
respective copolymers. The results gathered from this terpolymerization study will 
provide insight into the varied copolymers that can be obtained with BGE and PO, and 
may provide understanding of the corresponding structure-property relationships. While 
terpolymerizations of various (cyclic) aliphatic epoxides such as hexene oxide, butene 
oxide, cyclohexene oxide with PO and CO2 have been reported,148, 159-160 to the best of 
our knowledge, the terpolymerization of glycidyl ether, PO, and CO2 has not been 
described. In this chapter, the terpolymerization of benzyl glycidyl ether, propylene oxide 
and CO2 using both binary and bifunctional [rac-SalcyCoIIIX] catalysts, and the thermal 
and mechanical properties of the resultant PBGC-co-PCs., are reported 
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3.3 Results and Discussion 
3.3.1 Terpolymerization Chemistry 
Both the binary system of [rac-SalcyCoIIIX]/PPNY (1) and the bifunctional [rac-
SalcyCoIIIX] (2) complex bearing a quaternary ammonium salt side arm on the 3-position 
of the aromatic ring 
catalyze the 
terpolymerization of 
BGE, PO, and CO2 
(Figure 3.1 and Table 
3.1). The binary catalyst 
system (1) exhibited 
good activity towards the 
terpolymerization of BGE, PO, and CO2 at various monomer feeding ratios to afford 
polycarbonates with high polymer and carbonate linkage selectivities (>99%) as well as 
narrow PDIs (Table 3.1, entries 1-9). Catalyst activities (turnover frequency, TOF (h-1)) 
were negatively correlated to the BGE feeding ratio and were 149 h-1 for pure BGE and 
563 h-1 for pure PO, which were in good agreement with previous results.38, 139, 145 
Increasing the temperature from 25 °C to 50 °C resulted in greater catalyst activity, 
increasing TOF from 245 h-1 to 456 h-1. Selectivity for polymerization, however, was 
significantly compromised (70%) (Table 3.1, entry 10). Surprisingly, in this case the 
selectivities for formation of PBGC and PPC units over their corresponding cyclic 
 
Figure 3.1 Terpolymerization of benzyl glycidyl ether 
(BGE), propylene oxide (PO), and CO2 using [rac-
SalcyCoIIIX] binary and bifunctional complexes 1 and 2, 
respectively. 
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carbonates were 65% and 74%, respectively, whereas the selectivities were 87% and 95% 
for pure BGE and PO polymers under the same reaction conditions.38, 145 
Based on these results, the bifunctional [rac-SalcyCoIIIDNP] complexes (catalyst 
2) bearing a quaternary ammonium salt on the ligand framework of the catalyst was also 
investigated, since this catalyst is known to be stable and active even under high 
Table 3.1 Results from the Terpolymerization of Benzyl Glycidyl Ether (BGE), 
Propylene Oxide (PO) and CO2a 
# catal
yst 
fBGEb FBGEc T 
(°C) 
turnover 
freq. (h-1) 
time 
(h) 
polymer 
selectivit
y (%) 
Mnd 
(kg/
mol)  
PDId 
(Mw/
Mn) 
Tg 
(°C) 
Tdecomp 
5%/50%
e 
1 1 1.00 1.00 25 149 4.0 >99 15.4 1.13 8 269/304 
2 1 0.80 0.82 25 170 4.0 >99 19.3 1.14 11 259/297 
3 1 0.60 0.63 25 225 3.0 >99 18.0 1.15 15 260/294 
4 1 0.50 0.52 25 318 0.5 >99 5.2 1.11 N.D. N.D. 
5 1 0.50 0.52 25 301 1.25 >99 11.8 1.14 N.D. N.D. 
6 1 0.50 0.53 25 245 2.5 >99 17.9 1.16 19 258/291 
7 1 0.40 0.42 25 296 2.5 >99 20.8 1.15 21 240/281 
8 1 0.20 0.22 25 404 1.5 >99 17.0 1.16 25 232/267 
9 1 0 0 25 563 1.25 >99 24.1 1.13 37 233/265 
10 1 0.50 0.50 50 456 1.5 70 11.8 1.13 N.D. N.D. 
11 2 0.50 0.58 25 330 12 >99 28.4 1.18 N.D. N.D. 
12 2 0.50 0.60 40 520 8.0 >99 28.8 1.18 N.D. N.D. 
13 2 0.50 0.60 60 789 5.0 98 27.3 1.17 N.D. N.D. 
f14 2 0.50 0.60 60 857 5.0 98 32.3 1.19 N.D. N.D. 
aAll reactions were performed in neat BGE/PO (25 mmol in total) in a 15 mL autoclave under 220 psi 
of CO2pressure with 1000:1:1 (for # 1–9) or 6000:1 (for # 10–11) substrate/[rac-
SalcyCoIIIDNP]/PPNDNP loading at 25 C. All resultant poly(benzyl 1,2-glycerol-co-propylene 
carbonate)s [PBGC-co-PPC)] contain >99% carbonate linkage and >99% polymer selectivity, 
determined by 1H NMR spectroscopy. bMolar fraction of BGE in the substrate. cMolar fraction of 
BGE in the resultant PBGC-co-PPC. dDetermined by SEC using polystyrene as standards. All 
resultant polycarbonates showed bimodal distribution, the molecular weights are averaged over two 
peaks. eThe temperature at 5 and 50% weight loss, respectively, on the TGA curve of the copolymers. 
fThe reaction was run under 440 psi. N.D. = not determined. 
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temperature and in diluted solution.158 Cobalt complex 2 efficiently catalyzed the 
terpolymerzation under low catalyst loading and even at elevated temperature without 
compromising the polymer selectivity (Table 3.1, entries 11-13). For example, a TOF of 
330 h-1 was observed with BGE:PO = 1:	1 under 6000:1 catalyst loading at 25 °C (Table 
3.1, entry 11). Increasing the temperature to 40 °C afforded a significant increase in TOF 
to 520 h-1 with >99% selectivity for polymerization. The highest activity of 857 h-1 was 
achieved at 60 °C with only a slight compromise in polymer selectivity (98%). 
3.3.2 Fineman-Ross Plot, Monomer Reactivity Ratio, and Microstructure of the 
Terpolymer 
A comparison of the 1H NMR spectra of PGC, PBGC-co-PPC, and PPC showed 
clearly separated peaks at δ ≈ 5.0 attributed to the CH in 1,2-glycerol carbonate (GC) 
units (δ = 5.07) and propylene carbonate (PC) units (δ = 4.99) in the polymer chain. No 
peak was observed at δ = 3.4–3.5 which verified the high carbonate linkage over ether 
linkage selectivity (>99%) (Figure 3.2b). The polymers were soluble in solvents such as 
dichloromethane, chloroform, ethyl acetate, and DMF. 
Due to the absence of the ether linkage in the polymer backbone the 
terpolymerization can be treated as the copolymerization of the two monomeric carbonate 
units. In the 1H NMR spectra of the BGE/PO/CO2 terpolymer, the methine protons in the 
monomeric units on the polymer backbone (δ = 5.07, 4.99) were clearly separated but not 
resolved enough to directly calculate each monomeric unit content in the polymer 
(Figure 3.2). However, the isolated methylene signal at δ = 3.65, belonging to the 
methylene group connected to the primary hydroxyl, enabled us to calculate the 
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percentage of each monomeric unit 
accurately. For the binary [rac-
SalcyCoIIIDNP]/PPNDNP system, 
calculations from the 1H NMR data 
revealed the percentage of benzyl 1,2-
glycerol carbonate unit in the polymer to 
be close to the initial feeding ratio of the 
two monomers, and the percentage 
remained constant during the course of 
the reaction (Table 1, entries 4-6). For 
the bifunctional catalyst 2, even a higher 
percentage of the benzyl 1,2-glycerol 
carbonate unit than the initial monomer 
feeding ratio was observed (Table 1, 
entries 11-13). While PO is almost 4 
times more reactive than BGE in the binary catalyst system (Table 1, entries 1 and 9), 
this result is rather surprising, and is in contrast to the terpolymerization results obtained 
with hexene oxide/butene oxide/cyclohexene oxide with PO and CO2, in which the 
percentage of incorporation for the less reactive (cyclic) aliphatic epoxides is lower than 
their initial feeding ratio,160 although reduced reactivity of PO was also observed. While 
the exact reason remained elusive, it is speculated that it is related to the glycidyl ether 
structure of the monomer. 
	
Figure 3.2 Representative 1H NMR Spectra 
of (a) poly(benzyl 1,2-glycidyl carbonate); 
(b) poly(benzyl 1,2-glycerol-co-propylene 
carbonate) with 53% GC units and (c) 
poly(propylene carbonate). 	
		 75 
The data for the mole fraction of BGE in the feed and the 1,2-glycerol carbonate 
(GC) unit in the polymer fit the Fineman-Ross plot with a high correlation (R2 = 0.999) 
(Figure 3.3). The monomer reactivity ratio of BGE (rBGE = k11/k12) and PO (rPO = k22/k21) 
were determined to be 1.15 and 0.93, respectively. These results indicate that the 
consecutive incorporation of two PO units is slightly unfavored. 
The 13C spectra of PBGC, PBGC-co-PC and PPC were studied and compared. As 
shown in Figure 3.4, the 13C spectrum of PBGC-co-PC was more than the simple sum of 
the PBGC and PPC spectra, for example, the C1 and C3 in the PPC and PBGC showed 
obvious splitting in the terpolymer, while C5 in PGC that showed four small splittings 
only exhibited one peak in the terpolymer. This result indicates that the GC and PC units 
did not form reasonably long block sequence. While it cannot be confirmed that the 
sequence is mainly alternating, with the determined reactivity ratio of BGE and PO close 
to 1, and the value that remained constant during the course of the reaction, the 
terpolymer was tentatively described as a random copolymer (GC and PC units) that 
 
Figure 3.3 (a) Fineman-Ross plot for the terpolymerization (Y={fBGE/(1-fBGE)}{(1-
2FBGE)/FBGE}; X={fBGE2/(1-fBGE)2}{(1-FBGE)/FBGE}) (b) Schematic presentation of kinetic 
parameters during the chain propagation. 
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follows Bernoullian statistics 
with a probability (p) close to 
0.5. This translates into a 
polymer that predominantly 
consists of alternating GC and 
PC units, but also with a 
statistical distribution of di-, 
tri-, tetra-, penta- and larger 
homo-oligo GC and PC 
sequences interspersed along 
the polymer chain. 
3.3.3 Thermal Properties of 
Terpolymer and Deprotected 
Terpolymer 
The glass transition 
temperature (Tg) and 
decomposition temperature 
(Tdecomp) were also studied for the resultant polymers. The Tg of pure PBGC and PPC 
were determined to be 8 °C and 37 °C, respectively (Table 1, entries 1 and 9). The 
lowered Tg for PPC compared to the reported result (42 °C) is likely due to the lower 
molecular weight (24 kg/mol vs. 62 kg/mol). It is worth noting that incorporation of GC 
units has a significant impact on Tg. For example, 22% GC incorporation resulted in a 
 
Figure 3.4 13C Spectra of (a) poly(benzyl 1,2-
glycerol carbonate), (b) poly(benzyl 1,2-glycerol-co-
propylene carbonate) and (c) poly(propylene 
carbonate). 
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sharp decrease of polymer Tg from 37 °C to 25 °C, while further increases in the PBGC 
content from 22% to 100% afforded a steady decrease in Tg from 25 °C to 8 °C. 
The Tdecomp 5% increased from 233 °C for pure poly(propylene carbonate) to 269 
°C for pure poly(benzyl 1,2-glycerol carbonate) with increasing GC unit percentage. The 
Tdecomp50% showed a similar trend ranging from 265 °C to 304 °C. 
Subsequently, the benzyl group in the copolymer was removed via 
hydrogenation.38, 163 The terpolymer possessing 53% GC unit (Mn = 17.9 kg/mol, Table 
1, entry 6) was dissolved in EtOAc:MeOH = 3:1 and the reaction was run at 40 °C under 
500 psi H2 for 12 h. The 1H NMR spectrum, in DMSO-d6, showed the disappearance of 
the signal in the aromatic region (δ ≈ 7.2) for the benzyl group, confirming the removal 
of the primary hydroxyl protecting group (Figure 3.5). Surprisingly, by deprotecting a 
known polymer that has 60% GC unit, the methine proton belongs to the GC subunit 
which was the further down-field signal in CDCl3, was now up-field of the methine 
 
Figure 3.5 1H NMR spectrum of poly(1,2-glycerol-co-propylene carbonate) with 53% 
GC unit in DMSO-d6. 
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proton of propylene carbonate in the deprotected polymer in DMSO-d6 (Figure 3.5). The 
peak at 5.10 – 5.15 was confirmed to be the primary hydroxyl group by deuterium 
exchange experiment. The deprotected polymers were soluble in polar solvents such as 
DMF and DMSO, or mixed solvent systems such as EtOAc:MeOH = 3:1. Size exclusion 
chromatography in DMF calibrated against polystyrene standards determined the 
molecular weight (Mn) of the resultant polymer to be 11.8 kg/mol, consistent with its 
structure, indicating that the polymer backbone remained intact during the 
hydrogenolysis. The deprotected polymer (Mn = 17.3 kg/mol, from Table 1, entry 12) 
with 60% of GC units showed a Tg of 10 °C, which is 5 °C lower than the protected 
version of the same molecular weight (Table 1, entry 3). The Tdecomp5% and Tdecomp50% 
were determined to be 181 °C and 225 °C, respectively. However, since chain scission 
can occur at a lower temperature than the Tdecomp5% based on the observation during a 
second Tg experiment. That is, when the isotherm temperature was increased to 100 °C, 
the Tg determined from the second plot decreased to 4 °C, which was a significant 
decrease from the Tg = 10 °C determined from the first plot at isothermal temperature of 
60 °C. No peaks were detected in the measured range (down to -40 °C) when the 
isotherm temperature was further increased to 150 °C, at which temperature there was 
also no significant weight loss when the sample was analyzed by TGA analysis. These 
results indicate that chain scission occurs at elevated temperatures (150 °C) resulting in a 
significant decrease in Tg. 
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3.3.4 Rheological Properties of the Homo-polymer, Terpolymer, and Deprotected 
Terpolymer 
Rheological studies on cast 
molds of the polymers showed 
both PBGC, PBGC-co-PC and the 
deprotected PGC-co-PC exhibited 
tough mechanical properties. As 
shown in Figure 3.6, in the 1 Hz 
to 3 Hz region the storage 
modulus (G’) and loss modulus 
(G’’) of the PBGC polymer with a 
molecular weight of 30.3 kg/mol 
ranged from 2.0×105 to 3.4×105 Pa 
and 2.0×105 to 3.8×105 Pa, 
respectively. Incorporation of 40% 
of propylene carbonate unit in the 
polymer chain (Mn = 32.3 kg/mol) 
resulted in a ~7 fold increase in 
both G’ and G’’. Compared to the 
protected version, the debenzylated copolymer PGC-co-PC (60% GC, Mn = 17.3 kg/mol) 
showed a lower G’ and G’’, and the values ranged from 4.37×105 to 9.51×105 Pa and 
 
Figure 3.6 Rheological properties of (a) shear 
storage modulus (G’) and (b) shear loss modulus 
(G’’) of poly(benzyl 1,2-glycerol carbonate), Mn = 
30.3 kg/mol, poly(benzyl 1,2-glycerol-co-
propylene carbonate) with 60% GC unit, Mn = 
32.3 kg/mol and poly(1,2-glycerol-co-propylene 
carbonate) with 60% GC unit, Mn = 17.3 kg/mol at 
25 oC. 
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5.21×105 to 1.14×106 Pa, respectively. However, these values were still 2 to 3 times 
greater than those measured for pure PBGC.  
3.4 Conclusion 
The terpolymerization of benzyl glycidyl ether, propylene oxide, and CO2 was 
catalyzed by both the binary [rac-SalcyCoIIIDNP]/PPNDNP (1) and the bifunctional [rac-
SalcyCoIIIDNP] bearing a quaternary ammonium salt on the ligand framework (2) 
catalysts with high selectivity. High catalyst activities were observed with activities 
ranging from 149 h-1 to 563 h-1 for catalyst 1 and 330 h-1 to 857 h-1 for catalyst 2 at 
various monomer feeding ratios. The bifunctional catalyst 2, exhibited increased activity 
at higher temperatures without a compromise in polymer selectivity. The percentage of 
BGE incorporation in the polymer chain closely reflected the initial feeding ratio. This 
result is in contrast to reports with less reactive aliphatic epoxides such 1-butene oxide or 
cyclohexene oxide where the percentage of incorporation is significantly lower than their 
initial feeding ratio. The Fineman-Ross plot determined the monomer reactivity ratio to 
be 1.15 and 0.93 for BGE and PO, respectively. The Tg for the resultant copolymers 
ranged between 37 °C and 8 °C with increasing BGE content, and all of the polymers 
possessed a Tdecomp5% above 233 °C. Benzyl glycidyl ether is an active monomer for the 
CO2 copolymerization with [SalcyCoIIIX] complexes, and it can be terpolymerized with 
propylene oxide - a structurally and electronically different monomer. These results 
demonstrate that terpolymers containing glycerol with varied polymers compositions and 
properties can be efficiently synthesized, and encourages the continued investigation of 
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1,2-glycerol carbonate based polymers and copolymers from both a basic science as well 
as an application perspective. 
3.5 Materials and Methods 
3.5.1 General Information.  
CO2 gas (research grade) was dried through storage in a column of 3 Å molecular 
sieves at a pressure of 500 psi. Propylene oxide and benzyl glycidyl ether were dried by 
stirring over CaH2 for several days and vacuum-distilled into a pre-dried flask filled with 
activated 3 Å molecular seives. The 1H and 13C NMR (500 MHz) spectra were recorded 
on a Variant 500. The SEC data was obtained at room temperature in THF (for 
poly(benzyl 1,2-glycerol-co-propylene carbonate)) or in DMF (for poly(1,2-glycerol-co-
propylene carbonate)) calibrated against polystyrene standards. The [SalcyCoIIIX] 
catalyst 1 and catalyst 2 were prepared through the reported method. 
3.5.2 Thermal Measurements.  
Thermal gravimetric analysis (TGA) measurements were performed on Thermal 
Analysis TGA Q50. All samples were heated from 20 to 400 °C at a heating rate of 20 
°C/min. Differential scanning calorimetry (DSC) measurements were performed on 
Thermal Analysis DSC Q10) at a heating rate of 10 °C/min and a cooling rate of 10 
°C/min from −40 to 200 °C for poly(benzyl 1,2-glycerol-co-propylene carbonate) and 
from -40 to 60 °C for poly(1,2-glycerol-co-propylene carbonate). All samples were 
measured between 5 to 10 mg and scanned for three heat−cool cycles and the Tg data was 
determined from a second heating trace. 
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3.5.3 Rheological Measurement.  
Rheological measurements were performed on an AR 1000 controlled strain 
rheometer from TA Instruments equipped with a Peltier temperature control using a 12 
mm diameter parallel stainless steel plate. The samples were made into a ~12 mm 
diameter disk before measurement. The gap was set to be 0.8−1.2 mm in all the runs. 
Prior to each test, a preshear was done at shear rate 100 s-1 for 10 s to eliminate the 
physical memory of the sample, followed by a 10 min equilibrium step at 37 °C in order 
for the sample to reach a steady-state condition. A strain amplitude of 0.6% was 
determined to lie within the linear viscoelastic region via an oscillatory strain sweep from 
1 to 10 Hz.  
3.5.4 Terpolymerization of Benzyl Glycidyl Ether, Propylene Oxide, and CO2.  
An autoclave was assembled inside a glovebox and catalyst 1 (19.7 mg, 0.025 
mmol), PPNDNP (18.0 mg, 0.025 mmol), benzyl glycidyl ether (1.9 ml, 12.5 mmol) and 
propylene oxide (0.875 ml, 12.5 mmol) were loaded. The autoclave was removed out of 
glovebox with the valve closed. Then the reactor was immersed in a 25 °C oil bath and 
CO2 gas was pressurized to 220 psi. After 2.5 h, the autoclave was cooled by immersion 
in an ice bath. Following the release of CO2 , a small amount of the residue was taken and 
dissolved in CDCl3 for 
1H NMR analysis to give quantitatively the activity and selectivity 
of polymer as well as carbonate linkage. The crude terpolymer was dissolved in 6 mL of 
DCM/MeOH (5/1, v/v) mixture and precipitated from methanol. This process was 
repeated 4-5 times to completely remove the catalyst and unreacted epoxide and a white 
polymer was obtained upon vacuum drying. NMR for Poly(benzyl 1,2-glycerol-co-
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propylene carbonate) with 53% BGE Unit. 1H NMR (500 MHz, CDCl3, δ): 7.20-7.40 (br, 
5H, Ar H), 5.00-5.14 (br, 1H; CH(GC)), 4.91-5.00 (br, 1H, CH (PC)), 4.01-4.62 (br, 6H, 
CH2 (on backbone + benzyl CH2)), 3.54-3.73 (br, 2H, CH2 (side chain)), 1.19-1.42 (br, 
3H, CH3); 13C NMR (125 MHz, CDCl3, δ): 154.2, 137.5, 128.4, 127.8, 127.6, 74.3, 73.4, 
72.4, 69.2, 69.0, 67.7, 66.2, 16.2. 
3.5.5 Debenzylation of Poly(benzyl 1,2-glycerol-co-propylene carbonate).  
An autoclave was loaded with Poly(benzyl 1,2-glycerol-co-propylene carbonate) 
with 53% BGE (103 mg, 0.33 mmol) and 10% Pd/C (50% water content) (82 mg, 0.033 
mmol based on Pd), EtOAc:MeOH = 3:1 (4 ml). The autoclave was immersed into a 40 
°C pre-warmed oil-bath and and pressurized to 500 psi H2. After 12 h, the H2 was slowly 
released and the solution was filtered through a pad of celite, the residue on the celite was 
washed with EtOAc:MeOH = 3:1, the filtrate was collected,  rotovaped, and further dried 
on vacuum. NMR for Poly(1,2-glycerol-co-propylene carbonate) with 53% BGE Unit. 
1H NMR (500 MHz, CDCl3, δ): 5.01-5.13 (br, 1H, OH), 4.84-4.95 (br, 1H; CH(GC)), 
4.73-4.84 (br, 1H; CH(PC)), 4.01-4.41 (br, 4H, CH2 (on backbone)), 3.45-3.64 (br, 2H, 
OCH2 (side chain)), 1.14-1.32 (br, 3H, CH3); 13C NMR (125 MHz, CDCl3, δ): 154.3, 
154.1, 76.8, 72.8, 69.2, 66.4, 59.6, 55.3, 16.1. 
3.6 Supporting Information 
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CHAPTER 4: Synthesis and Characterization of Poly(glyceric acid carbonate): A 
Degradable Analogue of Poly(acrylic acid) 
4.1 Chapter Forward 
In Chapter 1, the design and synthesis of poly(1,2-glycerol carbonate) was 
described, which fulfilled the unmet need for readily degradable biomaterials. In this 
chapter the solution to another long-standing problem using the same cobalt salen-
catalyzed epoxide/CO2 copolymerization platform will be presented. 
Poly(acrylic acid) is widely used as detergent, dispersant, adhesive, as well as  in 
baby diapers and women hygiene products and holds remarkably significance in the 
chemical industry. However, poly(acrylic acid) suffers from very poor degradability 
which is a consequence of its all carbon backbone. By introducing carbonate linkages on 
each repeating monomeric unit, we hypothesized that the resultant polymer (namely, 
poly(glyceric acid carbonate)) will serve as a degradable version and a complement of 
poly(acrylic acid).  
In this chapter, the synthesis and characterization of atactic and isotactic 
poly(benzyl glycidate carbonate)s were described via the ring-opening copolymerization 
of rac-/(R)-benzyl glycidate with CO2 using a bifunctional rac-/(S,S)-cobalt salen 
catalyst, with both high carbonate linkage selectivity (>99%) and polymer/cyclic 
carbonate selectivity (∼90%). Atactic poly(benzyl glycidate carbonate) proved to be an 
amorphous material with a Tg of 44 °C, while its isotactic counterpart synthesized from 
enantiopure epoxide and catalyst was semicrystalline with a Tm = 87 °C. Hydrogenolysis 
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of the resultant polymers afforded the poly(glyceric acid carbonate). Poly(glyceric acid 
carbonate) exhibited an improved cell cytotoxicity profile compared to poly(acrylic acid). 
Degradation studies showed that poly(glyceric acid carbonate)s degraded remarkably fast 
(t1/2 ≈ 2 weeks) compared to poly(acrylic acid). Cross-linked hydrogels prepared from 
poly(glyceric acid carbonate) and poly(ethylene glycol) diaziridine also showed 
significant degradation in pH 8.4 aqueous buffer solution compared to similarly prepared 
hydrogels from poly(acrylic acid) and poly(ethylene glycol) diaziridine. 
4.2 Introduction 
Poly(acrylic acid) 
(PAA) and its 
copolymers with other 
hydrophilic monomers 
are produced on the 
multi-million ton scale 
per year. These polymers are extensively used in applications such as water/sewage 
treatment, cleaning detergents, adhesives, cosmetics, as well as drug delivery, and serve 
as workhorse polymers of the chemical industry.164 
Despite its widespread use for both practical applications and fundamental 
studies, PAA suffers from poor degradability because of its all-carbon backbone (Figure 
4.1). It is well established that only oligomers of PAAs with molecular weights (MWs) 
less than 600 g/mol (degree of polymerization < 8) are biodegradable165-169 and yet, the 
 
Figure 4.1 Chemical structures of linear poly(acrylic acid) 
(left) and poly(glyceric acid carbonate) (right). 
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molecular weights of most industrially relevant PAAs are well above this value. For 
example, low molecular weight PAAs used for detergent applications have an average 
MW of 4000 – 5000 g/mol.165 Furthermore, unlike structural materials (e.g., plastics) that 
can be easily collected and assorted for recycling or waste treatment such as land filling, 
composting and incineration, water soluble polymers, e.g. PAAs, are difficult to recover. 
Thus, there is significant interest in a degradable PAA analogue. Within the 
pharmaceutical and biomedical sectors, there is a demand for such polymers that exhibit 
both biodegradability and biocompatibility.170-172 
To solve this challenge, a number of approaches have been explored such as 
oligomer chain extension, vinyl polymerization, and other approaches.165, 173-174 However, 
these approaches are still acrylate-based with the idea of introducing fragile points, such 
as hydrolyzable or oxidizable sites, into the all-carbon polymer backbone. Despite these 
efforts, limited commercial success has been achieved and PAA still remains the polymer 
of choice for industry. The strategy in this chapter departs from these previous 
approaches in that a degradable carbonate linkage is introduced into the polymer 
backbone giving a structural mimic of PAA – namely, poly(glyceric acid carbonate) 
(PGAC). This strategy is atom efficient, provides a site for degradation at every 
repeating unit, and affords safe, nontoxic, and renewable degradation products – CO2 and 
glyceric acid. 
However, the synthesis of this structural class of poly(1,2-carbonate) is 
challenging. Traditional polycarbonates are made either by ring-opening polymerization 
of cyclic carbonates or polycondensation of diols with phosgene (extremely toxic, lethal 
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concentration as low as 2 ppm). Both routes are not favored for poly(1,2-carbonate). 
Five-membered cyclic carbonate are remarkably thermodynamically stable, and ring-
opening polymerization does not occur under mild conditions, or proceeds with extensive 
decarboxylation under vigorous condition (with the exception of trans-fused bicyclic ring 
structures), unlike poly(1,3-carbonate)s which are polymerized from six-membered cyclic 
carbonates.175-177 Furthermore, attempts to polycondense 1,2-diols mainly produce 5-
membered cyclic carbonates instead of 1,2-linked polycarbonates.34 
Given the design criterion of a carbonate linkage in the main chain of the 
polymer, the synthetic strategy of catalytic copolymerization of epoxide/CO2 was 
considered. This polymerization method is one of several exciting advances in polymer 
chemistry,139, 141, 144-145 and is receiving increasingly more attention for both 
environmental and economic reasons. Moreover, the catalytic epoxide/CO2 
copolymerization provides a platform for synthesizing poly(1,2-glycerol carbonate)s that 
are otherwise not accessible by traditional methods, such as by ring-opening 
polymerization of the corresponding cyclic carbonate or polycondensation of 1,2-diols.34, 
178-179 In addition, glycerol- and glycerol derivative-based polymers are of widespread 
interest and various polymers with different compositions and architectures have been 
synthesized36-37, 39, 42, 85, 88, 100, 102, 110, 180-181 and evaluated for a range of biomedical 
applications.77, 106, 115, 125, 128 In this chapter, the first synthesis of poly(glyceric acid 
carbonate) is reported. Specifically, atactic and isotactic poly(benzyl glycidate 
carbonate)s are synthesized via the ring-opening copolymerization of rac-/(R)-benzyl 
glycidate with CO2 using a bifunctional rac-/(S,S)-cobalt salen catalyst, the deprotection 
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of benzyl protected polymer to give poly(glyceric acid carbonate)s. The degradation of 
this polymer in aqueous conditions, and its cytotoxicity profile are presented. Finally, a 
cross-linked hydrogel prepared 
from poly(glyceric acid 
carbonate) and characterize the 
degradation rate compared to a 
similarly prepared poly(acrylic 
acid) hydrogel is described. 
4.3 Results and Discussion 
At the outset of the 
project, it was anticipated that 
post-polymerization oxidation of 
poly(1,2-glycerol carbonate) 
may offer a facile method to 
access poly(glyceric acid 
carbonate) (Figure 4.2A). 
However, under a range of well-
known mild and selective 
oxidation conditions such as Heyns oxidation,182 RuCl3-catalyzed oxidation,183 and 
TEMPO-mediated oxidation,184 the desired product remained elusive either due to 
backbone scission or difficulty of isolation. Since these oxidation methods are mild and 
selective, and it was reasoned that the oxidation was successful, but the product – 
 
Figure 4.2 (A) Attempts to synthesize poly(glyceric 
acid carbonate) by oxidation of poly(1,2-glycerol 
carbonate). (B) Copolymerization of benzyl 
glycidate with CO2 using binary and bifunctional 
[SalcyCoIIIX] catalysts. 
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poly(glyceric acid carbonate) was unstable under the reaction condition. Therefore, a 
direct approach and prepared monomer 4, which bears a benzyl protected carboxylic acid 
was investigated. 
4.3.1 Monomer Design/Synthesis and Polymerization Chemistry.  
Monomer 4, which bears 
a benzyl protected carboxylic 
acid, and three Co Salen 
catalysts (binary catalyst system 
1 and bifunctional catalysts 2 
and 3) were synthesized and examined (Figure 4.2B).148, 158, 185 Given the literature 
precedent on the use of the 2,4-dinitrophenolate (DNP) axial ligand and the resulting high 
selectivity for polymer over the cyclic carbonate, this was used as both the axial ligand 
Table 4.1 Synthesis of Poly(benzyl glycidate carbonate) Using [SalcyCoIIIX] Complexes 
1-3a 
# Catalyst Temp. Catalyst loading 
Convers
ion (%) 
Turnover 
Freq. (h-1) 
Selectivity 
(% polymer) 
Mn 
(kg/mol) PDI 
1b 1 25 °C 500:1 65 - - - - 
2b 2 25 °C 500:1 67 - - - - 
3 3a 25 °C 500:1 62 12 90 14.2 1.18 
4 3a 25 °C 1000:1 70 11 89 21.4 1.19 
5 3a 40 °C 1000:1 58 18 55 18.1 1.21 
6c 3a 25 °C 1000:1 59 8 85 27.2 1.22 
7d 3a 25 °C 1000:1 67 13 92 24.2 1.19 
8 3b 25 °C 1000:1 69 16 93 30.5 1.14 
9 3a 25 °C 2000:1 66 10 90 32.2 1.23 
aThe reactions were performed in neat rac-BG (1.42 mL, 10 mmol) in an 8 mL autoclave under 220 psi 
CO2 pressure unless otherwise noted. All resultant poly(benzyl glycidate carbonate)s (PBGC’s) 
contain >99% carbonate linkage, as determined by 1H NMR spectroscopy. bThe only product formed 
was the cyclic carbonate. The binary system 1 was used for entry 1 and the [SalcyCoIIIX]:[PPN]DNP 
ratio was 1:1. cThe reaction was performed in 0.4 mL toluene. dThe reaction was performed under 440 
psi CO2 pressure. 
 
Figure 4.3 Synthesis of benzyl glycidate, 4. 
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and the counter anion for all of the catalysts.144-145 Benzyl glycidate (BG) 4 was 
synthesized via an efficient two-step esterification-epoxidation route in high overall yield 
(~80%) (Figure 4.3).186 The copolymerization of 4 and CO2 was investigated using both 
the binary and bifunctional [SalcyCoIIIX] complexes, 1-3, as shown in Figure 4.2B. 
Under the screening conditions (neat epoxide, 500:1 catalyst loading, 25 °C and 220 psi 
CO2 pressure), the binary catalyst system 1 and the bifunctional catalyst 2 were inactive 
for polymerization. Only cyclic carbonate product was formed. The lack of activity of 
catalyst 2 towards BG was surprising given the fact that this catalyst is highly active 
towards a range of epoxide substrates including ones possessing an electron-withdrawing 
group, such as styrene oxide and epichlorohydrin.161-162 Importantly, bifunctional catalyst 
3, bearing a quaternary ammonium salt on the ligand framework, catalyzed the 
copolymerization. 
As shown in Table 4.1, 3 effectively catalyzed the copolymerization of BG with 
CO2 to afford poly(benzyl glycidate carbonate) (PBGAC) with excellent carbonate 
linkage selectivity (>99%) and high polymer/cyclic carbonate selectivity (>90%) to 
provide high molecular weight polymers with narrow molecular weight distribution. The 
polymers are of high regioregularity and showed a head-to-tail connectivity of 92%. The 
catalyst activity, however, was significantly lower than that reported for the 
polymerization of benzyl glycidyl ether (~15 h-1 vs. ~150 h-1, respectively).38 This is 
likely a result of the electron withdrawing effect of the carbonyl group. Decreasing the 
catalyst loading from 500:1 to 1000:1 resulted in a slight decrease in activity and polymer 
selectivity, and a significant increase in molecular weight (MW), while increasing the 
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temperature to 40 °C afforded a significant decrease in polymer selectivity (Table 4.1, 
entry 5). Performing the reaction in toluene gave >90% monomer conversion with 
compromised activity (8 h-1) and polymer selectivity (80%) while the MW remained 
similar, presumably due to both decreased polymer selectivity and trace amount of water 
introduced by toluene. 
4.3.2 Polymer Microstructure.  
All the resultant 
polymers were highly 
region-regular with a 
head-to-tail selectivity of 
92% by 13C NMR. The 
carbonyl region of 13C 
NMR also showed the 
atactic nature of the 
polymer obtained from 
racemic BG and racemic 
catalyst. Size exclusion 
chromatography (SEC) 
analysis revealed molecular weights significantly lower than theoretical values and 
monomodal distribution with narrow molecular weight distribution (PDI <1.20). This 
result is in contrast to most of the previously reported systems where bimodal 
distributions were observed likely due to trace amount of water acting as chain transfer 
 
Figure 4.4 A MALDI-TOF spectrum of poly(benzyl 
glycidate carbonate) with molecular weight ~ 5000 g/mol. 
NOTE: The structures assigned to major and minor 
populations above are one representative of the 
regioisomeric structures. Regioisomeric structures (in-chain 
and chain end) can give same mass. 
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agent, leading to two populations of polymers with different molecular weights.38, 145, 187 
However, a MALDI-TOF study revealed that the polymer still consists of a major and a 
minor population with overlapping molecular weight distribution and the signals match 
[1.0 (H) + 178.1 (BG) + 222.1×n (CO2-alt-BG) + 1.0 (H) + 23.0 (Na+)] and [183.3 (2,4-
dinitrophenolate) + 178.1 (BG) + 222.1×n (CO2-alt-BG) + 178.1 (BG) + 1.0 (H) + 23.0 
(Na+)], respectively (Figure 4.4). Structurally, these two sets of signals correspond to two 
populations with distinct end groups – a major population bearing hydroxyl groups on the 
chain ends and a minor population bearing a 2,4-dinitrophenoxy (DNP) and a hydroxyl 
group on each end (Figure 4.4). This result is consistent with the fact that trace amount 
of water serves as chain transfer agent, leading to a population of telechelic species with 
two hydroxyl chain end besides the population of polymer chains that are initiated by 
DNP. 
4.2.3 Synthesis of an Isotactic Version of the Poly(benzyl glycidate carbonate) and Its 
Thermal Properties 
Given the encouraging results above, an isotactic version of poly(benzyl glycidate 
carbonate) was synthesized. The hydrolytic kinetic resolution (HKR) of BG had not been 
previously reported. The HKR of racemic BG using (R,R)-SalcyCoIIIOTs provided (R)-
BG in >90% yield with >98% enantiomeric excess (e.e.) as determined by HPLC 
analysis.149, 188 Copolymerization of (R)-BG with CO2 using the enantiopure (S,S)-
catalyst 3b145, 150 afforded a polymer with an isotactic backbone and >95% head-to-tail 
selectivity (Figure 4.5A). Degradation of isotactic PBGAC to cyclic carbonates while 
conserving all stereogenic centers189 yielded (R)-cyclic carbonate and (S)-cyclic 
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carbonate with a ratio of 94:6 (88% e.e.), indicating that 5% of all the stereogenic centers 
in the starting epoxide were inverted during the polymerization. 
Isotactic poly(benzyl glycidate carbonate) is a semicrystalline polymer with a Tm 
= 87 °C by DSC (Figure 4.5B). In contrast, atactic poly(1,2-benzyl glycidate carbonate), 
is an amorphous material (Tg = 44 °C). Interestingly, poly(benzyl 1,2-glycerol 
carbonate)s were found to be amorphous materials with a Tg of 8 °C regardless of 
tacticity. When compared to 
isotactic PBGAC, the only 
structural difference is that 
isotactic PBGAC has a carbonyl 
instead of a methylene, which 
contributes to the rigidity of the 
backbone. Therefore, observed 
increased crystallinity was 
tentatively attributed to the effect 
of the side-chain carbonyl group, 
which imparts backbone rigidity 
and facilitates inter-chain 
packing to form greater 
crystalline region. A similar 
effect was also observed for the isotactic version of poly(phenyl 1,2-glycerol carbonate) 
reported by Lu. which was shown to be a semicrystalline polymer with a Tm = 75 °C.190 
 
Figure 4.5 (A) 13C carbonyl region of atactic (left) 
and isotactic (right) poly(benzyl glycidate 
carbonate). (B) Differential scanning calorimetry 
(DSC) trace of (a) atactic (b) isotactic poly(benzyl 
glycidate carbonate).  
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4.3.4 Deprotection of PBGAC and Characterization of PGAC.  
The benzyl 
protecting group was 
removed by 
hydrogenolysis to give 
poly(glyceric acid 
carbonate) (PGAC). 
Specifically, atactic 
PBGAC (MW = 25.4 
kg/mol, PDI 1.19, Table 
4.1, entry 4) was dissolved in ethyl acetate:methanol = 3:1 with Pd/C (20 wt% loading) 
and pressurized to 400 psi of H2 at room temperature for 8 h.38  After isolation of the 
polymer, 1H NMR analysis revealed the aromatic peaks located at 7.1 – 7.2 ppm were no 
longer present, confirming the loss of the benzyl group (Figure 4.6). Isotactic PGAC was 
synthesized using the same reaction conditions. The result from SEC in water was 
significantly higher than expected (~23 kg/mol) likely due to hydrophobic aggregation in 
aqueous phase. When DMF was used as the SEC eluent, the MW was measured to be ~ 
15 kg/mol, which was in agreement with the theoretical value. PGAC was isolated as a 
white polymer, soluble in polar aprotic and protic solvents such as dimethylformamide, 
dimethylsulfoxide, water, and methanol, while not soluble in relatively non-polar solvent 
such as tetrahydrofuran and dichloromethane. 
 
Figure 4.6 (A) 1H NMR of PBGAC in CDCl3. (B) 1H NMR 
of atactic PGAC in DMSO-d6 after hydrogenolysis. 	
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4.3.5 Degradation Study and Cytotoxicity of Poly(glyceric acid carbonate).  
The rate of PGAC degradation in deionized water was monitored by SEC and 
compared to that of a PAA with a similar molecular weight. In DI water, PGAC showed 
significant degradation (t1/2 ~12 days) over a 26-day period, while, as expected, no 
degradation occurred for PAA (Figure 4.7). In Chapter 2, the synthesis of poly(1,2-
glycerol carbonate) was reported, and this polymer exhibited remarkably accelerated 
degradation rates compared to poly(1,3-glycerol carbonate). It was proposed that for 
poly(1,2-glycerol carbonate)s, the accelerated degradation is a consequence of an 
intramolecular attack of the primary hydroxyl group onto the carbonate backbone, 
leading to the formation of the thermally stable five-membered cyclic carbonates. For 
PGAC, when the degradation was performed in anhydrous DMF, which eliminated the 
hydrolysis mechanism, PGAC exhibited negligible degradation over a 26-day period, 
indicating that intramolecular cyclization of the carboxylic group onto the carbonate 
backbone to form O-carboxyanhydride did not occur. This is likely a consequence of the 
combination of lowered nucleophilicity, and relatively higher rigidity of the carboxylic 
acid group in PGAC compared to the primary hydroxyl group in poly(1,2-glycerol 
 
Figure 4.7 (left panel) Degradation behavior of PGAC and PAA in water and DMF; 
(right panel) intramolecular cyclization of PGC and PGAC. 	
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carbonate), which both contribute to the higher activation energy in the transition state 
(Figure 4.7). However, at this point, it should be noted that the exact mechanism (simple 
acidic/basic hydrolytic degradation or cyclization to for O-carboxyanhydride structure, or 
the combination of both) of PGAC degradation in buffer solution is still elusive. To this 
end, a PGAC degradation study in pH buffer 8.4 prepared from D2O was performed. 
Interestingly, rapid degradation occurred within 8 hours with formation of the O-
carboxyanhydride structure, as determined by NMR (see Supporting Information). This 
result can be explain by the more nucleophilic nature of the sodium carboxylate formed 
on treatment of the pH 8.4 buffer solution. In the dry state PGAC remains stable over 
several months, while poly(1,2-glycerol carbonate) degrades as monitored by IR.  
The cytotoxicity of PGAC was evaluated at various concentrations against NIH 
fibroblast 3T3 cells for 24 hours and compared to PAA. As shown in Figure 4.8, PGAC 
shows no observable 
cytotoxicity at low 
concentrations, and then 
toxicity appears at 1 mg/mL. 
This value is close to some 
of the previously reported 
anionic polymers.191-192 PAA showed a similar cytotoxicity profile with a slightly lower 
cell viability at 1 mg/mL and a sharp decrease in cell viability when the concentration 
was increased from 1 mg/mL to 3 mg/mL.  
 
Figure 4.8 Cytotoxicity study for PGAC against NIH 
Fibroblast 3T3 cells at different concentrations. 
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4.3.6 Hydrogel Preparation and Study.  
PAA and its copolymers with other hydrophilic polymers have been used 
extensively in preparing hydrogels for various applications.193-195 Thus, the degradability 
of a PGAC based hydrogel was evaluated by preparing a hydrogel using efficient 
aziridine cross-linking chemistry196-197 and compared to that of a hydrogel preaped wtith 
PAA. Specifically, PEG diaziridine were synthesized by Michael addition of methyl 
aziridine with PEG diacrylate (MW = 3700 g/mol) in one step to afford pure PEG 
diaziridine product without the need for further purification (Figure 4.9). PEG diaziridine 
was then mixed with PGAC in DMF for gelation, followed by dialysis to remove DMF.  
 
Figure 4.9. Cross-linking chemistry used to prepare the PGAC-PEG diaziridine based 
hydrogels. 
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As shown in Figure 4.10, the PGAC hydrogel with a cross-linking degree (mole 
of aziridine/mole of acid unit) of 15% was stable in DI water but it underwent rapid 
degradation in a pH 8.4 NaHCO3 solution over a two-hour period as monitored by a 
significant change in G’ from 5.8×104 to 3.8×103 Pa. Importantly, the corresponding 
PAA hydrogel with the same degree of cross-linking showed no observable degradation 
in DI water and in a pH 8.4 NaHCO3 solution over a two-hour period. Increasing the 
degree of cross-linking to 25% has negligible effect on degradation kinetics, which is 
 
Figure 4.10 (Upper Panel) Degradation study of hydrogels prepared from PGAC with 
PEG diaziridine (with nile red dye) with 15% degree of cross-linking in pH 8.4 
NaHCO3 solution; (Lower Panel) Rheological study of PGAC and PAA gels under 
different conditions. 
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consistent with the fact that the degradation mainly occurs via the backbone of PGAC. 
Interestingly, in a 7.4 PBS buffer, the PGAC hydrogel, although slower, still underwent 
significant degradation as monitored by the decrease in the G’ from 5.8×104 to 4×104 Pa 
in 2 hours and finally to about 4×103 Pa after 8 hours. While the polycarbonate backbone 
and the cross-linking sites within the hydrogel are stable under pH 7.4, the degradation 
was attributed to the neutralization of the remaining carboxylic acid side chain to form 
sodium carboxylate on treatment of pH 7.4 PBS buffer and subsequent attack of the 
carboxylate anion onto the carbonate backbone. This is also partially supported by the 
degradation study of PGAC in pH 7.4 buffer prepared in D2O solvent (see Supporting 
Information). This result is in sharp contrast to most degradable hydrogels reported which 
possess degradation half times of several days or weeks. 
4.4 Conclusion 
In summary, a facile route to a degradable version of poly(acrylic acid) – 
poly(glyceric acid carbonate), is described via the copolymerization of benzyl glycidate 
and CO2 using the bifunctional [SalcyCoIIIX] catalyst followed by hydrogenolysis. The 
polymerization occurs with high carbonate linkage selectivity (>99%) and polymer/cyclic 
carbonate selectivity (~90%). Debenzylation of the resultant polymer gives poly(glyceric 
acid carbonate) which degrades in aqueous solution. With a degradable site introduced 
into every repeating unit, the hydrogel prepared from PGAC readily degrades while the 
hydrogel prepared from poly(acrylic acid) does not. The current pool of acidic polymers 
is limited in both size and diversity, and includes only a handful of well-defined 
structures such as poly(malic acid)s,198 poly(aspartic acid)s, poly(glutamic acid)s, and 
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poly(glyoxylic acid).199 Poly(glyceric acid carbonate) expands this repertoire and serves 
as an important complement. Along with its degradability and biocompatibility, it is 
envisioned that poly(glyceric acid carbonate) will be of utility for chemists and material 
scientist working on a wide range of challenges in the chemical, biomedical, and 
pharmaceutical areas. 
4.5 Materials and Methods 
4.5.1 General Information 
All manipulations involving air- and/or water-sensitive compounds were carried 
out in glovebox. Benzyl glycidate and toluene were refluxed over CaH2, and fractionally 
distilled under a nitrogen atmosphere prior to use. Carbon dioxide (99.995%, research 
grade) was purchased from Airgas and used as received. Catalysts 1 to 3 (3a and 3b) (see 
main text) were synthesized according to the literature. Pd/C (10%) (wetted with ca. 50% 
water) were purchased from Strem and used as received. PPNDNP (DNP = 2,4-
dinitrophenoxy) was synthesized according to the literature. 1H and 13C NMR spectra 
were recorded on a Varian 500 MHz type (1H, 500MHz; 13C, 125 MHz) spectrometer. 
Their peak frequencies were referenced against the solvent, chloroform-d at δ 7.24 for 1H 
NMR and δ 77.23 ppm for 13C NMR, respectively. Poly(benzyl glycidate carbonate)s 
molecular weights were determined by SEC calibrated against polystyrene standards 
using THF as the eluent at a flow rate of 1.0 ml/min through Styragel column (HR4E 
THF, 7.8 x 300 mm) with a refractive index detector. Poly(glyceric acid carbonate) 
molecular weight was determined by size exclusion chromatography versus polystyrene 
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standards using DMF with 0.05 M LiBr as the eluent at a flow rate of 1.0 ml/min through 
Styragel column (HR5E DMF, 7.8 x 300 mm) with a refractive index detector. 
4.5.2 Thermal Gravimetric Analysis (TGA) and Differential Scanning Calorimetry 
(DSC). 
TGA measurements were performed on Thermal Analysis TGA Q50. All samples 
were heated from 20 to 500 °C at a heating rate of 20 °C/min. DSC measurements were 
performed on Thermal Analysis DSC Q10 at a heating rate of 10 °C/min and a cooling 
rate of 10 °C/min from −40 to 150 °C for poly(benzyl glycidate carbonate) and from -40 
to 60 °C. All samples were ~5 mg by mass, scanned for three heat−cool cycles. 
4.5.3 Matrix-assisted Laser Desorption/Ionization (MALDI) 
MALDI-TOF mass spectroscopy measurements were performed on a Bruker 
autoflex speed mass spectrometer, equipped with a SMART-beam II and a flash detector. 
α-Cyano-4-hydroxycinnamic acid (Sigma & Aldrich, 97%) was used as a matrix. 
CH3COONa (Aldrich, 98%) was added for ion formation. 
4.5.4 Cytotoxicity Assay.  
NIH 3T3 fibroblast cells (ATCC) were cultured in DMEM medium supplemented 
with 10% of bovine calf serum (BCS) and 1% L-glutamine-penicillin-streptomycin 
(GPS). Cells were maintained at 37°C in 5% CO2 with humidity and were split at a 1:5 
ratio when reaching 80%-90% confluency using a standardized trypsin-based detainment 
protocol. An in vitro cell viability assay was performed with a standard MTS 
proliferation assay protocol (CellTiter 96® Aqueous One (Promega; Madison, WI)). Cells 
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were seeded at 10,000 cells/well in a 96-well plate and incubated overnight at 37°C in 
media. The media was removed and cells were washed with PBS before incubating cells 
with media containing either PGCA or PAA at varying concentrations for 24 hours. Cell 
viability was measured by recording absorbance at 492 nm using a multi-plate reader. 
Cell viability was calculated in relation to control cells incubated with only media. 
4.5.5 General Procedure for Gelation.  
Poly(glyceric acid carbonate) (17 mg) and poly(ethylene glycol) diaziridine (37.5 
mg) added to a small vial. DMF 0.17 mL was added to the vial and the vial was vortexed 
to dissolve all the solids. After the mixture in the vial became homogeneous, the solution 
was transfer to a Teflon mode (8 mm diameter, 2.5 mm depth). After 12 hour, the 
gelation was complete and the gel was moved out of the mode and place in a dialysis tube 
and dialyzed against DI water for 2 hours.  
4.5.6 General Procedure for Rheological Degradation Study.  
A free standing gel was placed on an AR 1000 Controlled Strain Rheometer from 
TA Instruments equipped with a Peltier temperature control using a 8 mm diameter 
parallel aluminum plate. Stress amplitude from 1 to 15 Pa was determined to lie within 
the linear viscoelastic region (LVR) via an oscillatory stress sweep at a fixed frequency 
(1 Hz). At the beginning of the degradation study, the buffer solution was added to 
immerse the gel and a 0.5 N of normal force was applied. After 30s equilibration, the 
storage modulus (G’) was recorded at a stress of 10 Pa and a frequency of 1 Hz by 
oscillatory time sweep as a function of time. 
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4.5.7 Synthesis of Benzyl Glycidate.  
Benzyl acrylate (27.3 g, 168.5 mmol) was dissolved in 300 mL DCM and 
mCPBA (73 wt%, 53.8 g, 219 mmol) was added and the reaction was stirred under reflux 
at 55 °C. After 72 hours, the reaction was cooled down to 0 °C and the precipitated m-
chloro benzoic acid was removed by vacuum filtration. The resultant filtrate was cooled 
to 0 °C and quenched with sat. aq. Na2S2O3. The DCM phase was isolated and solvent 
was removed under reduce pressure. Flash column chromatography afforded benzyl 
glycidate (22.5 g, 75%). 1H NMR (500 MHz, CDCl3): δ 2.94 (dd, 1H, J = 2.35, 6.50 Hz), 
2.98 (dd, 1H, J = 2.35, 6.50 Hz), 3.49 (dd, 1H, J = 2.34, 4.18 Hz), 5.25 (q, 2H, J = 12.20 
Hz), 7.44 (m, 5H); 13C NMR (125 MHz, CDCl3): δ 169.1, 135.0, 128.65, 128.59, 128.45, 
67.3, 47.3, 46.3. 
4.5.8 Jacobsen’s Hydrolytic Kinetic Resolution of rac-Benzyl Glycidate.  
(R,R)-SalcyCoII (234.8 mg, 0.389 mmol) and p-toluenesulfonic acid hexahydrate 
(80.1 mg, 0.421 mmol) were added to a 50 mL flask and DCM 15 mL was added. The 
reaction was allow to stir at r.t. for 1 h and DCM was removed under reduce pressure to 
afford a dark green solid ((R,R)-SalcyCoIIIOTs). The solid was dried under vacuum for 1 
h and rac-benzyl glycidate (11.54 g, 64.8 mmol) was added. The flask was swirled to 
dissolve the (R,R)-SalcyCoIIIOTs. After that, THF (0.7 ml) and water (0.7 mL, 38.9 
mmol) were added and the reaction was stirred vigorously for 18 h. The reaction mixture 
was directly subjected to flash column chromatography to afford R-benzyl glycidate (4.84 
g, 84%). Chiral HPLC (Chiralcel® OD, 95:5 hexanes:i-PrOH, 1 mL/min, 214 nm): 
tR(minor) = 11.44 min, tR(major) = 9.65 min (>98% ee). [α]28D  -1.5° (c 1.00, MeOH). 
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4.5.9 Copolymerization of Benzyl Glycidate with CO2 Using Bifunctional Catalyst 3.  
rac-Benzyl glycidate (1.53 ml, 10 mmol) was added into the high pressure 
autoclave, followed by the addition of catalyst 3 (rac-SalcyCoIIIQASDNP) (10.4 mg, 
0.01 mmol). The autoclave was transferred from the glovebox and charged with CO2 to 
220 psi. The reaction was allow to run at 25 °C for 72 h. After that, the CO2 pressure was 
released and an aliquot was taken for 1H NMR analysis to determine the conversion. 
Then the reaction mixture is diluted with 4 ml DCM and MeOH (7:1) and 1 drop of 1 M 
HCl aq. solution. The mixture was added dropwise into MeOH (60 ml) and the 
precipitated polymer was collected. The precipitation was repeated another 2-3 times 
until complete removal of the catalyst and unreacted monomer. After drying under high 
vacuum, 1.27 g (85%) of a white brittle polymer was collected. 1H NMR (500 MHz, 
CDCl3): δ 7.20-7.50 (br, 5H), 5.00-5.30 (br, 3H), 4.30-4.60 (br, 2H); 13C NMR (125 
MHz, CDCl3): δ 166.0, 153.6, 134.8, 128.8, 128.4, 73.5, 68.0, 66.2, 53.7. 
4.5.10 Debenzylation of Poly(benzyl glycidate carbonate).  
Poly(benzyl glycidate carbonate) (800 mg, 3.6 mmol) was added into an 
autoclave and dissolved completely in 10 mL ethyl acetate/methanol = 5:1, Pd/C (10% 
dry basis) wetted with ca. 50% water (160 mg, 20 wt% with regard to poly(benzyl 
glycidate carbonate)) was added. The autoclave was charged with H2 to 400 psi. After 8 h 
at r.t., the pressure was released and the reaction mixture was filter through two pieces of 
filter paper. The solvent was remove on reduced pressure and the polymer was dried 
under vacuum to afford poly(1,2-glyceric acid carbonate) 456 mg (96%). 1H NMR (500 
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MHz, DMSO-d6): δ 5.10-5.25 (br, 1H), 4.40-4.60 (br, 2H); 13C NMR (125 MHz, DMSO-
d6): δ 168.0, 153.7, 73.6, 67.0. 
4.5.11 Synthesis of Homo-bifunctional Poly(ethylene glycol) Diaziridine.  
Homo-bifunctional PEG diacrylate (Mn = 3400, 1.0 g) and methyl aziridine (5 mL) 
were mixed in a 25 mL round bottom flask and heated to 40 °C. After 4 hours, the methyl 
aziridine was removed under reduced pressure and the resultant solid was left on vacuum 
for overnight. Homo-bifunctional PEG diaziridine was obtained as a white solid (100 mg, 
99%). 1H NMR (500 MHz, CDCl3): δ 4.30-4.40 (br, 4H), 2.30-2.55 (br, 8H), 1.35 (br, 
2H), 1.30 (br, 2H), 1.20 (br, 2H) 1.1 (br, 6H); 13C NMR (125 MHz, CDCl3): δ 172.2, 
70.9, 69.0, 63.6, 56.1, 34.9, 34.75, 34.68. 
4.6 Supporting Information 
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CHAPTER 5: Poly(1,2-glycerol carbonate)-g-succinic acid-Paclitaxel Conjugate as 
High Paxlitaxel Loading Carrier for Treatment of Cancer and An Improved 
Formulation Based on Poly(ethylene glycol)-co-poly(1,2-glycerol carbonate) 
5.1 Chapter Forward 
In the previous chapters, the design and synthesis of novel degradable materials – 
poly(1,2-glycerol carbonate) and related polymers were described. Poly(1,2-glycerol 
carbonate) possesses one primary hydroxyl group on each repeating unit, consists of 
nontoxic natural metabolites – glycerol and carbon dioxide, and is rapidly degradable via 
a cyclization mechanism to form glycerol carbonate, which showed no observable 
cytotoxicity up to 10 mg/mL in cell viability assays. These features – functionalizablility, 
nontoxicity, and degradability, – render poly(1,2-glycerol carbonate) well-positioned to 
be evaluated as a novel drug carrier. In this chapter, efforts to use this degradable 
polycarbonate as a novel drug carrier will be presented. Specifically, the primary 
hydroxyl group of poly(1,2-glycerol carbonate) was reacted with succinic anhydride to 
provide poly(1,2-glycerol carbonate)-graft-succinic acid, which possesses a 
functionalizable carboxylic acid group on each repeating unit. Paclitaxel was then 
conjugated using standard coupling chemistry to provide poly(1,2-glycerol carbonate)-
graft-succinic acid-paclitaxel with varied percentages of paclitaxel drug loading 
depending on the feeding ratio of free paclitaxel. 
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5.2 Introduction 
Paclitaxel (PTX) is one of the most widely used chemotherapeutic agents for a 
variety of solid organ malignancies (lung, ovarian, breast, head and neck cancers, and 
advanced forms of Kaposi’s sarcoma).  In spite of its widespread use, PTX suffers from 
poor solubility, rapid systemic clearance, limited tumor exposure, and low target tissue 
concentrations (0.4% of systemically administered dose). Therefore, paclitaxel drug 
delivery has been of widespread interest in both industry and academia. For example, to 
overcome its solubility limitations in clinical applications, free PTX needs to be 
formulated with excipients (e.g., polyethoxylated castor oil (C/E) (Taxol®) or albumin 
(Abraxane®)). However, the former excipient can have debilitating side effects. In 
addition to formulation with excipients, PTX-polymer conjugates have also been 
extensively investigated. For example, PTX initiated polymerization of lactide to prepare 
well-defined PTX-poly(lactic acid) conjugate, docetaxel conjugated synthetically 
modified cellulose, modified paclitaxel cross-linked poly(lactic acid) nanoparticles 
(NPs), as well as poly(ethylene glycol)-b-polyphosphester-based paclitaxel 
nanoconjugate have been reported in the past ten years. 
In Chapter 2, the design and synthesis of a novel degradable material – poly(1,2-
glycerol carbonate) (PGC) was described. PGC possesses one primary hydroxyl group on 
each repeating unit, consists of nontoxic natural metabolites – glycerol and carbon 
dioxide, and is rapidly degradable via a cyclization mechanism to form glycerol 
carbonate, which showed no observable cytotoxicity up to 10 mg/mL in our cell viability 
assay. All these features – functionalizablility, nontoxicity, and degradability render PGC 
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well positioned to be evaluated as a novel drug carrier. In this chapter, the synthesis and 
characterization of poly(1,2-glycerol carbonate)-g-succinic acid-paclitaxel (PGC-g-SA-
PTX) conjugate and the preparation of PGC-g-SA-PTX conjugate nanoparticles by mini-
emulsion technique will be described. It was hypothesized that by conjugating an 
increasing percentage of paclitaxel onto the PGC via a succinic acid linkage, increasing 
level of hydrophobicity will be imparted into the PGC-g-SA-PTX nanoparticle, which 
will result in a decreasing rate of water penetration and a higher IC50 value against cancer 
cell lines. 
5.3 Results and Discussions 
5.3.1 Synthesis of PGC-g-SA-PTX 
In order to synthesize the PTX-polycarbonate conjugate, PGC was first reacted 
with succinic anhydride 
to provide poly(1,2-
glycerol carbonate)-
graft-succinic acid 
(PGC-g-SA), which 
possesses a carboxylic 
acid on each repeating 
unit. PGC-g-SA was 
conjugated with PTX at 
its C-2’ position under standard coupling conditions (DCC, DMAP) to afford PGC-g-SA-
 
Figure 5.1 Synthetic strategy to synthesize PGC-g-SA-PTX 
conjugate. 
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PTX conjugate (Figure 5.1). The percentage of the PTX drug loading was determined via 
NMR by integrating the peaks that correspond to the methine proton on the polymer 
backbone and the C-2’ proton on the PTX side chain, respectively (see Supporting 
Information). By varying different percentage of PTX feed, the PTX drug loading could 
be tuned between 0 – 43 mol%, which corresponds to a weight percentage of 0 – 65%. It 
is worth noting that the traditional nanoparticles with physically encapsulated paclitaxel 
usually suffer from low paclitaxel loading (usually below 5 wt%) and burst release effect, 
which render them unfavorable for in vivo applications. By covalently conjugating PTX 
onto the functionalizable polymer backbone, high PTX loading up to 65 wt% can be 
achieved and potentially the burst release effect can be circumvented. 
5.3.2 Preparation of PGC-g-SA-PTX Nanoparticles Using Mini-emulsion and 
Cytotoxicity Study of PGC-g-SA-PTX Nanoparticles 
The PGC-g-SA-PTX nanoparticle was synthesized by the mini-emulsion 
technique using sodium dodecyl sulfate (SDS) as a stabilizer. As shown in Figure 5.2, 
 
Figure 5.2 PGC-g-SA-PTX nanoparticles with different percentage of drug loading 
prepared by mini-emulsion. 
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PGC-g-SA-PTX conjugates with different percentages of drug loading all formed 
nanoparticles under mini-emulsion conditions. The nanoparticles showed a gradual 
increase in size from 60 nm to 83 nm with the increase in the PTX drug loading from 
34% to 43%. The nanoparticle also exhibited narrow polydispersities. 
The cytotoxicity of PGC-g-SA-PTX nanoparticles against MDA-MB-231 cell line 
was performed and the results are shown in Figure 5.3. PGC-g-SA-PTX conjugate 
nanoparticles were cytotoxic 
against the MDA-MB-231 cell 
line. As compared to the IC50 
values for free PTX in C/E and 
succinic acid functionalized PTX 
(at C-2’ position) in C/E (1.89 
and 7.29 ng/mL, respectively), 
the IC50 for PGC-g-SA-PTX 
conjugate nanoparticle is 
significantly higher, and 
increased from 14 to 34 ng/mL 
as the drug loading increased 
from 34% to 43%. While C-2’ hydroxyl group is critical for paclitaxel’s biological 
function, this results is consistent with the fact that incorporating an increasing amount of 
paclitaxel imparts greater hydrophobicity which translates to slower water penetration 
and therefore slower hydrolysis of paclitaxel from the polymer backbone. 
 
Figure 5.3 Cytotoxicity study of PGC-g-SA-PTX 
nanoparticles against MDA-MB-231 cancer cell. 
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5.3.3 An Improved Formulation Based on Poly(ethylene glycol)-co-poly(1,2-glycerol 
carbonate) 
The PGC-g-SA-PTX nanoparticles stabilized by SDS have been investigated and 
preliminary in vitro results are shown above. However, using SDS as a stabilizer remains 
as a concern for in vivo applications due to the fact that amphiphilic molecules usually 
exhibit antibacterial activity and are cytotoxic to human cells as well. To this end, a non-
reactive, water-soluble polymer chain segment was designed and incorporated to mediate 
the supramolecular assembly in water and provide a shell layer that imparts serum 
stability. 
Poly(ethylene glycol) (PEG) is a non-ionic, water-soluble molecule, non-toxic, 
non-immunogenic. Surface modification of nanoparticles with PEG provides the benefits 
of prolonged blood circulation and enhanced accumulation in the tumor tissues via the 
enhanced permeability and retention (EPR) effect. Given our recent efforts and success 
 
Figure 5.4 Schematic presentation of the synthesis of mPEG-b-PBGC, the catalysts used 
in the study, and the mechanism of epoxide/CO2 copolymerization using PEG as a chain 
transfer agent. 
		 133 
on designing and synthesizing a nontoxic, biodegradable poly(1,2-glycerol carbonate), a 
new type of block copolymer poly(ethylene glycol)-b-poly(1,2-glycerol carbonate) 
(mPEG-b-PGC) was designed.  
Organocatalytic ring-opening polymerization of cyclic monomers such as lactide, 
O-carboxyanhydride using monohydroxyl terminated PEG as the initiator have been 
reported and well studied. However, the five-membered cyclic carbonate is remarkably 
thermodynamically stable and general does not undergo ring-opening polymerization or 
polymerization occur, but with extensive decarboxylation. Therefore, an alternative 
strategy was adopted using alternating copolymerization of benzyl glycidyl ether with 
CO2 using monohydroxyl-terminated poly(ethylene glycol) as the chain transfer agent 
(CTA), to access the mPEG-b-PGC structure (Figure 5.4). While epoxide/CO2 
alternating copolymerization has been reported to be immortal, to the best of our 
knowledge, benzyl glycidyl ether/CO2 alternating copolymerization under chain transfer 
conditions has never been reported. Herein, the synthesis of mPEG-b-PGC block 
Table 5.1 Copolymerization of rac-BGE with CO2 Using Catalyst 3 with mPEG as 
Chain Transfer Agent 
# CTA BGE/CTA 
Convers
ion (%) 
Catalyst 
Loading 
TOF 
(h-1) 
Mn(NMR) 
(kg/mol) 
Mn(theo) 
(kg/mol) 
Mn(SEC) 
(kg/mol) PDI 
1 mPEG 50 57 2000:1 570 7.6 7.8 6.9 1.03 
2 mPEG 100 60 2000:1 600 13.5 13.9 11.3 1.05 
3 mPEG 200 63 2000:1 630 27.2 28.1 19.7 1.08 
4 mPEG 100 45 2000:1 450 13.3 13.9 11.6 1.06 
5 PS 100 55 2000:1 550 - 15.4 11.3 1.06 
6 PS 150 56 2000:1 560 - 21.5 17.4 1.07 	
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copolymer with monohydroxyl terminated PEG as the chain transfer agents, and the 
conjugation of paclitaxel on the block copolymer backbone as an improved surfactant 
free formulation to the above-mentioned PGC-g-SA-PTX nanoparticles will be described. 
The judicious choice of catalyst is critical and should meet the following criteria: 
1) insensitive to large excess of proton source; 2) can be operated under low catalyst 
loading. Catalyst 1 and 2 were reported to be highly active even under low catalyst 
loadings and in dilute solution. Therefore, we investigated catalyst 1 and 2, and results 
are shown in Table 5.1. 
Monomethyl poly(ethylene oxide) (mPEG) and monohydroxyl terminated 
polystyrene (PS), a hydrophilic and a hydrophobic polymer, respectively, were used as 
CTAs to examine the copolymerization. Both catalysts catalyzed the copolymerization 
under chain transfer conditions with high activity and selectivity for polymerization 
(>99%). When mPEG was used as CTA, at BGE/mPEG ratio of 50, SEC analysis of the 
crude reaction mixture showed only one peak other than the monomer peak, which 
indicated that all mPEG molecules were successfully incorporated into the block 
copolymers (Figure 5.5). Molecular weights were close to the theoretical values. While 
 
Figure 5.5 SEC traces of mPEG-b-PBGC and PS-b-PBGC. 	
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with the increase of BGE/mPEG ratio to 100, the block copolymer peak started to show a 
slight high molecular weight shoulder. This shoulder became more evident when the 
BGE/mPEG was 200. This is the probably due to the fact that when the amount of mPEG 
was low, the trace amount of water started to serve as a competitive CTA. The resultant 
polymers exhibited extremely low PDIs of 1.03 to 1.08, with the increase of the 
BGE/mPEG from 50 to 200. This is also consistent with the fact that during immortal 
polymerization, the more CTA relative to the substrate monomer, the more uniform of 
the polymer chain will be in terms of length. 
However, interestingly, when PS was used as the CTA, both BGE/PS = 100 and 
150 afforded polystyrene-block-poly(benzyl 1,2-glycerol carbonate) (PS-b-PBGC) with 
well-defined monomodal peaks (Figure 5.5). However, increasing the PS to BGE/PS = 
75 could not be realized due to limited solubility of PS in BGE. 
Next, the benzyl group was removed by hydrogenolysis. Specifically, mPEG-b-
PBGC was dissolved in the EtOAc:MeOH = 3:1 and pressurized to 600 psi at room 
temperature for 16 hours to afford mPEG-b-PGC. The removal of the benzyl group was 
confirmed by the absence of aromatic peaks in the 1H NMR spectra. The PTX conjugate 
polymer was then synthesized by first functionalizing the hydroxyl group of the mPEG-b-
PGC with succinic acid to provide mPEG-b-PGC-g-SA, followed by reacting with PTX 
under standard coupling condition. 
With mPEG-b-PGC-g-SA-PTX in hand, the evaluation as a degradable drug 
carrier is currently underway in collaboration with biomedical engineers to prepare the 
nanoparticles, investigate its cytotoxicity profile, and compare to that of PGC-g-SA-PTX 
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nanoparticles mentioned in the previous chapter, and these results will be reported in due 
course. 
5.4 Conclusions 
A high paclitaxel drug loaded nanoparticle formulation based on a nontoxic, 
biodegradable poly(1,2-glycerol carbonate) has been successfully synthesized and 
evaluated in vitro for anti-cancer activity. A PGC-g-SA-PTX nanoparticle was designed 
in such a way that the hydroxyl group on poly(1,2-glycerol carbonate) was functionalized 
with succinic acid, the resultant carboxylic acid of the grafted succinic acid was further 
conjugated to PTX at its C-2’ position. After the PGC-g-SA-PTX nanoparticle was 
internalized into the cell, PTX will be cleave off from the polymer backbone and exhibit 
anti-cancer activity while PGC will be rapidly degraded via either cyclization or 
hydrolytic mechanism, affording natural metabolites that are known to be nontoxic. The 
PGC-g-SA-PTX nanoparticles were demonstrated to be cytotoxic against MDA-MB-231 
cancer cell line with high potency, and IC50 exhibited a dependence on the PTX drug 
loading, which translates to the hydrophobicity of nanoparticles. This allows the potency 
of the formulation to be tuned according to practical needs. An improved formulation 
based on block copolymer mPEG-b-PGC has also been successfully synthesized. The 
block copolymer structure was synthesized by copolymerization of benzyl glycidyl ether 
with CO2 using mPEG as a chain transfer agent. This methodology was also proved to 
work for hydrophobic polymeric chain transfer agent such as polystyrene. After the block 
copolymer mPEG-b-PBGC was obtained, same chemistry as in the synthesis of PGC-g-
SA-PTX was employed to access mPEG-b-PGC-g-SA-PTX conjugate. 
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5.5 Materials and Methods 
5.5.1 General Information 
All manipulations involving air- and water-sensitive compounds were carried out 
in glovebox. Benzyl glycidyl ether was refluxed over CaH2, and fractionally distilled 
under a nitrogen atmosphere prior to use. Carbon dioxide (99.995%, research grade) was 
purchased from Airgas and used as received. Pd/C (10%) (wetted with ca. 50% water) 
were purchased from Strem and used as received. 1H and 13C NMR spectra were recorded 
on a Varian 500 MHz type (1H, 500MHz; 13C, 125 MHz) spectrometer. Their peak 
frequencies were referenced against the solvent, chloroform-d at δ 7.24 for 1H NMR and 
δ 77.23 ppm for 13C NMR, respectively. PEG-b-PBGC molecular weights were 
determined by size exclusion chromatography calibrated against polystyrene standards 
using THF as the eluent at a flow rate of 1.0 ml/min through Styragel column (HR4E 
THF, 7.8 x 300 mm) with a refractive index detector. PEG-b-PGC molecular weight was 
determined by size exclusion chromatography versus polystyrene standards using DMF 
with 0.05 M LiBr as the eluent at a flow rate of 1.0 ml/min through Styragel column 
(HR5E DMF, 7.8 x 300 mm) with a refractive index detector. 
Dynamic light scattering measurements were taken on NPs diluted in DI water in 
order to achieve a count rate of approximately 150 kilocounts per second (kcps). The zeta 
potential of the nanoparticles was then measured using a Brookhaven Instruments 
Corporation ZetaPALS zeta potential analyzer via the Smoluchowski method. The results 
for both the intensity- and number-weighted size distributions were recorded and 
compared.  
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Scanning electron microscopy was performed using a Zeiss SUPRA 55VP field 
emission SEM. Samples were prepared by diluting the nanoparticle suspension 1000x in 
deionized water, which was then dropped on a silicon wafer and allowed to air-dry 
overnight. All samples were coated with ~5 nm of Au/Pd prior to imaging, and imaged at 
an accelerating voltage of 2 keV. 
Cell Culture: MDA-MB-231 cells (ATCC) were cultured in Dulbecco's Modified 
Eagle Medium, supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were 
maintained at 37°C with 5% CO2 in a humidified environment. 
MDA-MB-231 cells were cultured in 96-well plates at 4 x 103 cells/well for 24 hr. 
The culture media was removed and replaced with media containing the appropriate 
treatment. Cell viability was assessed 5 days after treatment via the MTS in vitro 
cytotoxicity assay (CellTiter 96® Aqueous One, Promega) as described previously.  
5.5.2 Synthesis of Poly(1,2-glycerol carbonate)-graft-succinic acid 
Poly(1,2-glycerol carbonate) (100 mg, 0.85 mmol, 1.0 eq), succinic anhydride (93 
mg, 0.93 mmol, 1.1 eq.), and 4-dimethylaminopyridine (5.2 mg, 0.042 mmol, 0.05 eq.) 
were added into a 5 mL round bottom flask, DMF 1 mL was added to dissolve the solid 
and the reaction was stirred at room temperature over night. Then the reaction mixture 
was added dropwise into diethyl ether, after centrifuge, the upper layer was decanted and 
the solid was re-dissolved with an ethyl acetate and methanol mixture solution (3:2). The 
dissolved solid solution was added dropwise into diethyl ether to precipitate again to 
completely remove DMF. The mixture was centrifuged again to collect the polymer. The 
polymer was isolated as snow-white foam. 1H NMR (500 MHz, CDCl3): δ 5.02-5.23 (br, 
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1H), 4.11-4.46 (br, 4H), 2.38-2.60 (br, 4H); 13C NMR (125 MHz, CDCl3): δ 166.0, 153.6, 
134.8, 128.8, 128.4, 73.5, 68.0, 66.2, 53.7. 
5.5.3 Synthesis of PGC-g-SA-PTX Conjugate 
Poly(1,2-glycerol carbonate)-graft-succinic acid (100 mg, 0.459 mmol, 1.0 eq.), 
PTX (157 mg, 0.183 mmol, 0.4 eq.), and DCC (42 mg, 0.202 mmol, 0.44 eq.) were added 
into a 5 mL round bottom flask, DMF 1 mL was added to dissolve the solid and the 
reaction was stirred at room temperature over night. Then the reaction mixture was 
filtered to remove the precipitated DCU using a syringe filter. Then the filtrate was added 
dropwise into diethyl ether, after centrifuge, the upper layer was decanted and the solid 
was re-dissolved with DCM. The dissolved solid solution was added dropwise into 
diethyl ether to precipitate again to completely remove DMF. The solution was 
centrifuged again to collect the conjugate. The conjugate was isolated as a snow-white 
powder. 1H NMR (500 MHz, CDCl3): δ 7.20-7.50 (br, 5H), 5.00-5.30 (br, 3H), 4.30-4.60 
(br, 2H). 
5.5.4 Synthesis of PGC-g-SA-PTX Nanoparticle 
PGC-g-SA-PTX nanoparticles were prepared using a modification of a mini-
emulsion synthesis procedure previously described. Briefly, PGC-g-SA-PTX conjugate 
was dissolved in dichloromethane, and the surfactant, sodium dodecyl sulfate, was 
dissolved in 10 mM pH 7.4 phosphate buffer. The aqueous phase was then added to the 
oil phase, and the solution was emulsified under an argon blanket, using a probe 
ultrasonicator. Following sonication, the suspension was allowed to stir under air to allow 
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for the evaporation of remaining solvent. The resulting nanoparticles were dialyzed 
against 5 mM pH 7.4 phosphate buffer to remove excess surfactant and salts. 
5.5.5 Synthesis of mPEG-b-PBGC Using Monohydroxyl Terminated PEG as Chain 
Transfer Agent 
rac-Benzyl glycidyl ether (1.53 ml, 10 mmol, 1.0 eq.) was added into a autoclave, 
followed by the addition of catalyst 3 (rac-SalcyCoIIITBDDNP) (10.4 mg, 0.005 mmol, 
0.0005 eq.) and monomethyl PEG (MW = 1900, 380 mg, 0.2 mmol, 0.02 eq.). The 
autoclave was transferred out of the glovebox and immersed it into a 50 °C oil bath for 5 
min to dissolve mPEG in BGE. Then the autoclave was charged with CO2 to 220 psi. The 
reaction was allow to run at 50 °C for 2 h. After that, the CO2 pressure was released and 
an aliquot was taken for 1H NMR analysis to determine the conversion. Then the reaction 
mixture is diluted with 1.0-1.5 mL DCM. The mixture was added dropwise into 
cyclohexane (25 ml) and the precipitated polymer was collected. Repeat the precipitation 
for another 2-3 times until complete removal of the catalyst and unreacted monomer. 
After drying under high vacuum, 1.34 g (88%) of a yellow semi-solid polymer was 
collected. 1H NMR (500 MHz, CDCl3): δ 7.20-7.50 (br, 5H), 5.00-5.30 (br, 3H), 4.30-
4.60 (br, 2H); 13C NMR (125 MHz, CDCl3): δ 166.0, 153.6, 134.8, 128.8, 128.4, 73.5, 
68.0, 66.2, 53.7. 
5.5.6 Debenzylation of mPEG-b-PBGC  
mPEG-b-PBGC-30mer (540 mg) was added into an autoclave and dissolved 
completely in 7 mL ethyl acetate/methanol = 5:1, Pd/C (10% dry basis) wetted with ca. 
		 141 
50% water (160 mg, 30 wt% with regard to mPEG-b-PBGC-30mer) was added. The 
autoclave was charged with H2 to 400 psi. After 12 h at room temperature, the pressure 
was released and the reaction mixture was filter through two pieces of filter paper. The 
solvent was remove on reduced pressure and the polymer was dried under vacuum to 
afford mPEG-b-PGC 328 mg (91%). 1H NMR (500 MHz, DMSO-d6): δ 4.75-4.85 (br, 
1H), 4.12-4.35 (br, 2H), 3.52-3.58 (br, 2H), 3.45-3.52 (br, 4.32H), 3.22-3.23 (br, 0.09H); 
13C NMR (125 MHz, DMSO-d6): δ 168.0, 153.7, 73.6, 67.0. 
5.5.7 Synthesis of mPEG-b-PGC-g-SA 
mPEG-b-PGC-30mer (130 mg, 0.717 mmol PGC unit, 1.0 eq.), succinic 
anhydride (79 mg, 0.788 mmol, 1.1 eq.), and 4-dimethylaminopyridine (4.4 mg, 0.036 
mmol, 0.05 eq) were added into a 5 mL round bottom flask, DMF 1 mL was added to 
dissolve the solid and the reaction was stirred at room temperature over night. Then the 
reaction mixture was added dropwise into diethyl ether, after centrifuge, the upper layer 
was decanted and the solid was re-dissolved with an ethyl acetate and methanol mixture 
solution. The dissolved solid solution was added dropwise into diethyl ether to precipitate 
again to completely remove DMF. The mixture was centrifuged again to collect the 
polymer. The polymer was isolated as rubbery weakly elastic solid. 1H NMR (500 MHz, 
CDCl3): δ 4.95-5.13 (br, 1H), 4.12-4.43 (br, 4H), 3.40-3.60 (br, 4.70H), 2.32-2.62 (br, 
4H); 13C NMR (125 MHz, CDCl3): δ 166.0, 153.6, 134.8, 128.8, 128.4, 73.5, 68.0, 66.2, 
53.7. 
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5.5.8 Synthesis of PEG-b-PGC-g-SA-PTX Conjugate 
The PEG-b-PGC-g-SA-PTX conjugate was synthesized following the same 
procedure as the synthesis of PGC-g-SA-PTX conjugate.  
5.6 Supporting Information 
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CHAPTER 7: Summary and Outlook 
Glycerol polymers are actively investigated and these efforts will continue, given 
the successes that are reported to date. Various polymer architectures from linear to 
dendritic are reported for pure polyglycerol ethers and carbonates as well as copolymers 
with hydroxyacids, for example, to give polyether esters or polycarbonate esters. Our 
efforts on designing and synthesizing a novel class of poly(1,2-glycerol carbonate) and 
poly(glyceric acid carbonate) remarkably expand the pool of glycerol-based polymer 
available and serve as the complement of existing biocompatible polymers with 
engineered degradability. In many ways, these polymers provide users the capabilities of 
well-known polymers like PLA with the additional benefits of an easily modifiable 
structure and nonacidic products upon biodegradation. Interdisciplinary, collaborative, 
and translational efforts are affording a number of successful applications of glycerol 
polymers in the biomedical field as either structural or functional materials or both.  
This area is still in its infancy and there is a wealth of opportunities for basic 
research. Designing and synthesizing polymers of novel architectures and compositions 
with desirable (i.e., controllable) properties still remains a challenge. The synthesis of 
poly(1,2-glycerol carbonate)s using the cobalt or zinc-catalyzed copolymerization of 
epoxides with CO2 provides a recent example where robust and efficient polymerization 
methods afforded access to structures that are not otherwise attainable by conventional 
methods. Continued development of new polymerization methods involving monomers 
and catalysts will provide novel polymer compositions and architectures, which will 
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further translate to unique properties. The structure of glycerol with its three hydroxyl 
functionalities enables facile and selective functional group manipulation to afford a 
range of different monomers for subsequent polymerization. However, there is also a 
demand and an emerging trend to focus attention towards other natural metabolite 
building blocks for the synthesis of glycerol-based polymers, such as the downstream 
metabolites of glycerol. The polycarbonates based on 1,3-dihydroxyacetone represent an 
excellent example that illustrates this trend, and the success of this approach. While 
developing and utilizing novel robust polymerization methods to access new polymer 
architectures and compositions, as well as investigating into novel biocompatible 
building blocks remain critical for the development of this area, the further evaluation 
and continued use of known glycerol polymers is key to growth in this area. There are 
opportunities for chemists and engineers to use existing polymers, polymerization 
methods, or fabrication processes to tailor materials with a specific property(ies).  
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